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Chapter 1: General introduction
G e n e r a l  i n t r o d u c t i o n  
Biological N2 Fixation
Biological N2 fixation is the process of converting atmospheric N2 into ammonia, 
carried out by a number of specialised prokaryotic microorganisms (Gallon 1980). N2 
fixation is the only biological process that compensates for the continuous loss of 
combined nitrogen from the biosphere caused by denitrification (reduction of oxidised 
forms of nitrogen such as nitrate and nitrite to gaseous products, mainly N2 and N2O). 
Biological N2 fixation is confined exclusively to prokaryotic microorganisms that 
possess nitrogenase, the enzyme complex that catalysis the reduction of N2 to two 
NH3. Nitrogenase is composed of two enzymes: the iron-containing protein 
dinitrogenase reductase is a homodimer, and the molybdenum-iron containing protein 
dinitrogenase, composed of four, two by two identical subunits. Some organisms can 
synthesize alternative nitrogenase complexes in which either molybdenum is replaced 
by vanadium or an iron only protein (Bishop et al. 1988). The fixation of N2 is an 
energetically expensive process. In order to convert N2 gas to ammonia, nitrogenase 
requires 8  low-potential reducing equivalents and the supply of at least 16 ATP 
(Flores and Herrero 1994). Nitrogenase also evolves one molecule of H2 as an
Fd (red) Fe protein 
(ox) 
(M gA D P)
Fe protein 
(red) 
(M gA T P )2
M oFe 
protein (red)
M oFe 
protein (ox)
Substates 
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Fig 1: Schematic reaction mechanism for substrate reduction by nitrogenase.
obligatory side product of N2 fixation. The reaction mechanism of N2 fixation by 
nitrogenase is given in Fig 1 (Rees 1993). After carbon, nitrogen is the second most
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important component of biomass, which mainly occurs in polypeptides (proteins), 
peptidoglycans (cell walls) and nucleic acids. Nitrogen in cell material occurs in the 
reduced form and with the exception of N2-fixing bacteria, all organisms depend on 
bound nitrogen such as ammonium, nitrate or organic nitrogen, which can be in 
limited supply in natural environments. Possession of the property of N2 fixation 
allows the organisms access to a virtual inexhaustible source of nitrogen, which can 
relieve N-limitation in many aquatic and terrestrial ecosystems.
N2 Fixation in Cyanobacteria.
Biological N2 fixation is confined to prokaryotes, and although it is not a universal 
property, both representatives of the Bacteria and Archaea are known to possess it. In 
fact, among most classes species can be found that are capable of diazotrophic growth 
(growth with dinitrogen (N2) as sole nitrogen source) (Gallon 1980). This thesis is 
devoted exclusively to N2 fixation by cyanobacteria. Among cyanobacteria many 
species can be found with the capacity of diazotrophic growth. Cyanobacteria are the 
only oxygenic photoautotrophic prokaryotes. Because cyanobacteria use light and 
water as sources of energy and electrons, they are supposed to more easily cover the 
energetic demands of N2 fixation.
Nitrogenase is extremely sensitive towards O2 and the enzyme is instantaneously and 
irreversibly inactivated by even traces of O2 . Therefore, its occurrence in the O2- 
evolving cyanobacteria seems paradoxical. Cyanobacteria have evolved different 
strategies to overcome this incompatibility of oxygenic photosynthesis and N2 
fixation, which act as criteria for the assignment to different groups (Table 1) (Gallon 
1980).
Group I consists of heterocystous filamentous cyanobacteria, which perform N2 
fixation in the light simultaneously with oxygenic photosynthesis, wherefor they 
developed a strategy of spatial separation (Fay 1992). When depleted of nitrogen, 1­
1 0 % of the cells differentiate into heterocysts, which occur at semi regular intervals 
along the filament. Heterocysts lack photosystem II and are therefore incapable of 
oxygenic photosynthesis and are the sites of N2 fixation in these organisms. At least 
one species of heterocystous cyanobacteria is capable of expressing nitrogenase in the 
vegetative cells when incubated under anaerobic conditions (Schrautemeier et al.
1995), but this seems an exception rather than rule.
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Table 1: Different types of nitrogen fixing cyanbacteria
Filamentous Heterocystous Anabaena sp., Nodularia 
sp., Aphanizomenon sp., 
Nostoc sp.
Filamentous Non-heterocystous Lyngbya sp., Plectonema 
sp, Trichodesmium sp.
Unicellular Non-heterocystous Gloethece sp., 
Synnechococcus sp.
Heterocysts are characterized by a thick envelope consisting of a glycolipid and a 
polysaccharide layer exterior to the peptidoglycan cell wall (Wolk et al. 1994). The 
glycolipid layer is highly resistant against the diffusion of gases, particularly reducing 
the influx of O2 into heterocysts (Walsby 1985). The function of the polysaccharide 
layer is unknown. Heterocysts contain photosystem I and several photopigments 
(Peterson et al. 1981), and are therefore capable of light harvesting and anoxygenic 
photosynthetic energy conversion. However, they do not fix CO2 and depend on the 
vegetative cells for the import of reducing equivalents in the form of carbohydrates. 
A typical feature of heterocystous cyanobacteria is that they fix N2 throughout the 
day, although the rates are usually lower in the dark.
Group II consists of filamentous non-heterocystous cyanobacteria. Within this group 
three different strategies can be distinguished by which these cyanobacteria are 
capable of diazotrophic growth. One strategy can be described as ‘avoidance’. These 
organisms did not evolve a mechanism by which nitrogenase is protected from 
inactivation by O2. Such cyanobacteria are only capable of diazotrophic growth under 
anaerobic conditions such as can be found in sulfureta. The second strategy has been 
described as temporal separation (Stal 1988). Such organisms separate N2 fixation 
and oxygenic photosynthesis in time. Usually, N2 fixation is confined to the dark 
period. Apparently, the absence of oxygenic photosynthesis in combination with a 
high dark respiration results in low intracellular O2 concentrations, which allow N2 
fixation during this period. Moreover, as far as they have been grown in the 
laboratory, these cyanobacteria are all capable of diazotrophic growth under 
continuous light. It seems that under such conditions oxygenic photosynthesis is 
switched off and N2 fixation is coupled to high rates of O2 uptake (Misra and Mahajan 
2000; Stal and Krumbein 1987). Another interesting strategy is found among
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Trichodesmium spp., which fixes N2 exclusively during the light period. Because it 
resembles in this aspect the heterocystous cyanobacteria it has been proposed that 
they also separate N2 fixation spatially from oxygenic photosynthesis, although they 
obviously do not differentiate heterocysts (Bergman et al. 1997). N2 fixation in these 
cyanobacteria is thought to take place in clusters of cells in which photosystem 2  is 
not present or active (Berman-Frank et al. 2001a). Immunolabeling have shown that 
these cells contain high amounts of nitrogenase (Lin et al. 1998).
Group III is composed of unicellular cyanobacteria (Colonlopez et al. 1997). The 
strategies that are used by these organisms are the same as those used by the non- 
heterocystous species. Many species avoid O2 and fix N2 only under anaerobic or 
micro-aerobic conditions. Several species have been shown to fix N2 under fully 
aerobic conditions, separating photosynthesis and N2 fixation in time. Some of these 
were even capable of diazotrophic growth under continuous light. Ortega-Calvo & 
Stal (Ortega-Calvo and Stal 1991; Ortega-Calvo and Stal 1994) have demonstrated 
that the pattern N2 fixation in the unicellular cyanobacterium Gloeothece sp. 
resembled that of Trichodesmium, when grown aerobically in a continuous culture 
under a light-dark regime and that the confinement of N2 fixation to the dark was an 
artefact of batch cultivation.
Metabolic processes in the heterocyst
In this thesis natural communities of heterocystous cyanobacteria and cultures isolated 
from them were subject of a comprehensive study on the eco-physiology of N2 
fixation. To understand the physiological processes of these organisms, a model of the 
metabolic processes within a heterocyst was needed. The model used in this thesis is 
published by Scherer et al. (Scherer et al. 1988a). They published one of the first 
complete descriptions of the metabolic processes influencing nitrogenase activity in 
the heterocyst (Fig 2). The model was based on physiological research on N2 fixation 
in heterocystous cyanobacteria that has been carried out in the period from 1970 - 
1990 on mainly two cultured species, Anabaena variabilis and Anabaena 7120. These 
organisms have been kept in culture for a long period and were selected for their easy 
and fast growth in the laboratory, the availability of pure, clonal cultures, their easy 
handling and the possibility of genetic manipulation. For the same reasons the 
genome of Anabaena 7120 has been fully sequenced. Nevertheless, these organisms 
must be considered as “labrats” and might not represent the physiology of 
heterocystous species dominating natural habitats.
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Fig 2: Scheme for the different electron and ATP flows within a heterocyst, redrawn after 
the scheme given in Scherer et al. (1988a). This scheme shows the transport of 
carbohydrates from the neighbouring vegetative cell, which may is catabolized directly or 
stored as glycogen. Carbohydrates can be catabolized via three pathways: glycolysis, 
oxidative pentose phosphate cycle or via pyruvate. NAD(P)H donate electrons to 
photosystem I (PS I) and subsequently nitrogenase. NAD PH can do that via ferredoxin- 
NADP+ reductase (FNR) directly, while NADH has to transfer the electron via NADH 
dehydrogenase (DH), the cytochrome b/f complex (Cyt b6/f) and the soluble cytochrome c 
(cyt c553). This transfer generates a proton gradient, which enables ATP synthetase (F0Fj) to 
generate ATP. Cytochrome c can donate the electron both to cytochrome oxidase, which 
reacts with O2, or to PS I (P700 A0), which can donate the electron to Ferredoxin Fd I or Fd 
II in the light, which on its turn transfer the electron to nitrogenase. Electrons can also come 
from uptake hydrogenase (H2-ase) and Plasiquinone (PQ).
In the model, carbohydrates that serve as the source of reducing equivalents for 
nitrogenase and respiration in the heterocyst, are imported from the vegetative cells, 
most probably as sucrose (Curatti et al. 2002). There is no agreement on how 
carbohydrates are transported from vegetative cells into the heterocysts. Because 
some glycogen is present in heterocyst (Jensen et al. 1986), this suggests that some 
carbohydrate can be stored, in order to support N2 fixation in the dark (Evans et al.
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2000; Janson et al. 1994). Carbohydrate is oxidized via the oxidative pentose 
phosphate cycle and glycolysis (Bohme 1998), resulting in the formation of 
NAD(P)H. NADH, and perhaps also NADPH, donates electrons via NADH 
dehydrogenase or Ferrodoxin-NADP+ reductase and a membrane bound cytochrome 
b6/f to a soluble cytochrome C553. Subsequently, the electrons are either transferred 
‘uphill’ to ferrodoxin through photosystem I-mediated cyclic electron transport, or 
they are transferred to cytochrome oxidase. Alternatively, NADPH may donate 
electrons directly via FNR to ferrodoxin, which in turn reduces dinitrogenase 
reductase (Houchins and Hind 1982). In the cytochrome pathway, electrons are 
eventually transferred to O2, during respiratory electron transport, which results in the 
formation of an electrochemical gradient over the cytoplasmic or thylakoid 
membranes. This electrochemical gradient (proton motive force) is used for the 
production of ATP by a membrane-bound ATPase. Respiration not only generates 
ATP, but it also scavenges O2 . Because of to the high resistance of the glycolipid 
layer to gas diffusion, respiration in the heterocyst is probably limited by O2 and the 
intracellular environment of the heterocyst can be considered virtually anaerobic. 
Photosynthetic ATP generation serves as an inexhaustible source of energy in the 
light.
To maintain anoxic conditions within heterocysts, there may be pathways, other than 
via cytochrome oxidase, to reduce O2 . Ferrodoxins may reduce O2 directly, and 
protect nitrogenase from being inactivated (Houchins and Hind 1982). Different types 
of ferredoxins are present in the heterocystous cyanobacteria, from which the 
heterocystous fdxH1 seems to be O2 tolerant. (Singh et al. 1999). This type of 
ferrodoxin has a cavity, too small for O2 to penetrate and bind to the Fe-S cluster 
present in the centre of ferrodoxin. O2 sensitive ferrodoxins have a cavity that is 
accessible for O2, resulting in binding with the Fe-S cluster, which will then become 
oxidized and removed from the protein. The rate of NADP+-photoreduction and 
cytochrome c reduction by ferrodoxin is independent of the stability of the different 
types of ferrodoxins with respect to O2, as well as of the electron donation to 
nitrogenase.
Recently, it was found that at least 3 cytochrome oxidases are present and can serve as 
electron donor to O2 in cyanobacteria. One of these is assumed to be at least partly 
uncoupled from ATP production, and in this case O2 uptake is not associated with the 
production of ATP (Pils and Schmetterer 2001). In addition, it has been proposed that 
nitrogenase itself or a membrane bound uptake hydrogenase may scavenge O2 
(Bergman et al. 1997; Peterson and Burris 1978).
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Control of N2 fixation in heterocystous cyanobacteria
Besides the energy cost associated with the fixation of N2 by nitrogenase, the 
protection of the enzyme complex from inactivation by O2 (respiration and formation 
of heterocysts), as well as the replacement of inactivated enzyme adds to the high 
metabolic cost. Once reduced to NH3, this may diffuse out of the cells, before it has 
been assimilated into amino acids. Also the assimilation of NH3 is at the expense of 
ATP. Thus energy demand for N2 fixation depends in part on environmental 
conditions and is therefore variable. It can be assumed that diazotrophic growth needs 
to balance the fixation of N and C. Several mechanisms to regulate this balance are 
available to cyanobacteria. Control can be on a genetically level. Formation of 
heterocysts is controlled by the binding of NtcA protein to transcription start points, 
upstream of the gene starting heterocyst differentiation and the synthesis of 
nitrogenase is controlled by the transcription and translation of the n if operon (Flores 
and Herrero 1994). Nitrogenase may further be subject to post-transcriptional 
modification in cyanobacteria (Ernst et al. 1990a; Gallon et al. 2000). In the 
modification model nitrogenase presumably exists in two forms, an active and an 
inactive form. There can be conversion from the inactive to the active form, or an 
inactivation from the active form, which is triggered by O2 or carbohydrate 
availability. It is not known or these processes are reversible in cyanobacteria or 
subjected to regulation.
If nitrogenase is present and active in heterocysts, its activity is under control of the 
availability of substrates. Nitrogenase needs three substrates, namely reductant, ATP 
and N2. N2 is normally assumed not to be limiting (Karl et al. 2002). Hence, the 
availability of reductant and ATP are good candidates for the regulation of N2 fixation 
(Bottomley and Stewart 1977; Gallon 1980). The ATP yield per photon in 
photosynthesis depends on the concentration of the different pigments present in the 
heterocyst and the quality of the light absorbed. Heterocysts contain chlorophyll a and 
phycobiliproteins although in lower amounts than in the vegetative cells (Peterson et 
al. 1981). Little is known about the variation (or regulation) in pigment composition 
within the heterocyst (Thomas 1972). Because O2 is assumed to limit respiration, ATP 
generation by respiration is mainly regulated by the flux of O2 into the heterocyst. 
Few reports on changes in gas permeability are observed when incubated under 
different oxygen concentrations (Kangatharalingam et al. 1992; Murry et al. 1984). 
Heterocystous cyanobacteria usually regulate N2 fixation by different mechanisms 
simultaneously. N2 fixation is probably not regulated by changes in nitrogenase 
content within the heterocysts, but more likely by the number of heterocysts. When a
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set of vegetative cells within a filament becomes N-limited due to a low frequency of 
heterocysts, this can trigger the formation of heterocysts (Meeks 2002). 
Notwithstanding the fact that the heterocyst frequency influences the biomass related 
N2 fixation rates, it seems that in most cases the nitrogenase activity within 
heterocysts is under control of substrate availability. ATP primarily limits nitrogenase 
in the dark under anaerobic conditions (Wolk et al. 1994), while reductant may limits 
maximum enzyme activity in saturating light. Hence, organisms will rarely be able to 
fix N2 at the maximum possible (potential) rate over longer periods.
Cyanobacterial N2 fixation in natural environments
N2 fixation occurs in many different environments. Besides free-living diazotrophic 
cyanobacteria, several species occur in symbiotic relationships with plants, fungi, or 
algae (special issue Royal Academy of Ireland, 2002). Free-living diazotrophic 
cyanobacteria are known from marine and terrestrial microbial mats and in the 
plankton of lakes, seas and oceans. For instance, N2-fixing cyanobacterial blooms 
dominate the Baltic Sea during the summer months and parts of the tropical oceans 
(Karl 2002, Kahru 1994). The proliferation of diazotrophic cyanobacteria is expected 
when nitrogen is limiting primary production. A good indicator is the ratio N:P. The 
Redfield ratio resembles the element composition of the sea (Falkowski 2000). The 
underlying thought is that when N:P ratio’s are lower than ideal, nitrogen is limiting 
growth and diazotrophic organisms will be favoured (Smith 1990), provided that the 
concentration of phosphate or iron is sufficiently high. N2 fixation should overcome 
nitrogen limitation, resulting in the limitation of primary production by other factors, 
most likely phosphate although other (micro) nutrients or irradiance may become 
limiting. This implies that phytoplankton communities eventually will be relieved 
from nitrogen limitation unless N2 fixation is limited to such extend that it cannot 
compensate for losses from denitrification and deposition.
In addition to the nutritional requirements of phytoplankton, physical conditions such 
as irradiance, temperature and turbulence are also factors that may limit their 
proliferation (Paerl 1990). Some planktonic cyanobacteria possess gas vacuoles that 
provide them with buoyancy with which they may adjust their position in the water 
column in order to satisfy nutritional and energy demands (Paerl and Kellar 1979; 
Walsby et al. 1997). Well-mixed or stormy conditions can override vertical buoyancy 
control and are usually disadvantageous for organisms that invest a great part of their 
energy in the synthesis of gas vesicles. On the other hand, mixing events may bring
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deep, nutrient-rich water into the euphotic zone, favouring non-diazotrophic 
organisms.
Methods for measuring N2 fixation.
Several methods are available for measuring N2 fixation. The method used in this 
thesis is based on the acetylene reduction method. Nitrogenase is a rather unspecific 
enzyme, which in addition to N2 is capable of reducing many other compounds that 
contain a triple bond. The reduction of acetylene to ethylene has become a popular 
method because of the easiness and sensitivity with which these compounds can be 
determined by gas chromatography (Hardy et al. 1968). The acetylene reduction 
assays (ARA) one usually carried out using batch incubations. There are only few 
reports in the literature in which on-line incubations were applied (Prosperi 1994; 
Turpin and Layzell 1985). On-line incubations have the advantage that they do not 
accumulate volatile products. This prevents the interference of these products with the 
processes measured (e.g. accumulated O2 effects N2 fixation rates) and the measured 
concentration is directly proportional to the production rate. The disadvantage of on­
line measurements is that the measured product (in this case ethylene) does not 
accumulate either, and thus a more sensitive detection method is needed to measure a 
specific activity. Nowadays two systems are available to measure ethylene, a Gas 
chromatograph (GC) and Laser Based Trace Gas Detection (LPA, Te Lintel Hekkert 
et al. 1998). LPA is 100-1000 times more sensitive and has a higher sample frequency 
(2-3 measurements per minute) than the GC and is particular suitable for on-line 
measurements. GC is suitable for both on-line and batch measurements.
One disadvantage of the ARA is that it is not measuring N2 fixation. In order to 
convert acetylene reduction to N2 fixation, a conversion factor must be applied. The 
theoretical conversion factor is 4, which is based on the fact that the number of 
electrons needed to reduce one molecule of N2 is 4 times that needed for the reduction 
of acetylene (equations 1 and 2 ):
N2 + 8 [H] ^  2 NH3 + H2 1)
and
C2H2 + 2[H] ^  C2H4 2)
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The conversion factor 4 has been proven experimentally in the cyanobacterium 
Anabaena variabilis by membrane inlet mass spectrometry (Jensen and Cox 1983b). 
Nevertheless, some researchers consider a conversion factor of 3 more appropriate; 
they assume that the H2 produced by nitrogenase during N2 fixation is taken up by a 
unidirectional hydrogenase (Houchins 1984). It has also often been advised that, in 
order to convert acetylene reduction to N2 fixation, a calibration with 15N2 is 
necessary for each organism or ecosystem. It has been shown by this approach that 
conversion factors in natural environments varied from 1 to 50 (Montoya et al. 1996). 
Now mass spectrometers with a sensitivity sufficient high to measure 15N2 
incorporation in natural samples have become available and affordable, it has been 
suggested that this would be the method of choice, because it is supposed to measure 
directly N2 fixation. However, it should be noted that the 15N method only measures 
the N2 fixation that is also incorporated into cell material and it may therefore not 
determine the actual total N2 fixation or the potential nitrogenase activity.
Outline of this thesis
Although much research has already been carried out on N2-fixing heterocystous 
cyanobacteria, remarkable few studies have focussed on the eco-physiology of N2 
fixation by these organisms. Heterocystous cyanobacteria dominate the phytoplankton 
of N-depleted freshwater lakes and brackish environments. The main goal of this 
thesis was to achieve a better understanding of the eco-physiology of heterocystous 
cyanobacteria and the factors that control N2 fixation. The research described in this 
thesis was carried out in part in the framework of a RTD project financed by the 
European Commission on the growth, development and fate of cyanobacterial blooms 
in the Baltic Sea. In addition to the study of natural samples of these blooms, research 
was also carried out on cultures of the heterocystous cyanobacterium Nodularia 
spumigena that was isolated from the Baltic Sea and represents one of the dominant 
species. The research focussed on factors that are relevant for pelagic environments. 
These factors are:
I. Light dependency o f N2 fixation. Because N2 fixation in heterocystous 
cyanobacteria is in part dependent on light this is an important factor. Light 
varies during the course of a day; it follows a sinus and clouds may cause 
strong fluctuations in irradiance. Furthermore, light varies on a seasonal basis 
and depending on the sun angle this also determines the fraction of the 
incident irradiance that penetrates the water surface. Moreover, a light gradient
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exists over the depth of the water column, which is partly dependent on the 
particles and biomass present. Cyanobacteria may either occur at specific 
depths, as the result of their buoyancy regulation, or are mixed throughout 
(part of) the water column. All these factors determine the amount of light that 
is received by the heterocyst and, hence, the amount of N2 fixation it can 
support.
II. Light quality. The spectrum of the light changes with depth in the water 
column, mainly as a result of light absorption of specific wavelengths by 
particles and phytoplankton. The light quality in combination with the pigment 
composition, determines largely the amount of light that can be absorbed by 
the heterocyst.
III. Oxygen concentration. N2 fixation in the heterocyst is in part dependent on 
respiration and, hence, from the concentration of O2. On the other hand, high 
concentrations of O2 may result in an irreversible inactivation of nitrogenase. 
The O2 concentrations will fluctuate during the day as a result of changes in 
photosynthetic rates in combination with diffusion processes and therefore 
affects N2 fixation rates.
IV. Temperature. Temperature has marked effects on the various enzymatic 
processes involved in N2 fixation. It also affects diffusion constants and, 
hence, gas fluxes.
The effects of these factors on N2 fixation have been put into a conceptual model, 
describing the flows of reducing equivalents and ATP in the heterocyst (Fig 3). This 
model is a simplified version of Fig 2. The flow rates of ATP and reducing 
equivalents are influenced by the factors light, O2 and temperature. In this model 
nitrogenase may have two sources of ATP, two sources of reducing equivalents 
(NADH and NADPH), delivered through ferredoxin, and two electron donors to O2. 
In the model, nitrogenase serves as an electron donor to O2, but alternatively this 
could also be fulfilled by ferredoxin, uptake hydrogenase or a cytochrome (Chapter 
6 ). However, this does not affect the outcome of the model.
In order to study the effects of the above-mentioned parameters on nitrogenase 
activity, a new method had to be developed. In addition, in order to define and 
interpret the data that are obtained from nitrogenase activity versus irradiance 
measurements, a new nomenclature had to be established, similar as is used for 
photosynthesis research. Batch incubation for the ARA would not allow monitoring of 
actual N2 fixation rates, because of the rapid changing conditions that lead to 
erroneous results. Chapter 2 describes the on-line method with a Laser Based Trace 
Gas detection method (LPA). This method measures N2 fixation by the ARA but due
11
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Fig 3: Simplified scheme for the electron and energy (ATP) flows to nitrogenase 
within a heterocyst. This scheme is derived from the more detailed Fig 2  (Scherer et 
al, 1988).
to its high sensitivity and the high time resolution, measurements could be done on 
line and in almost real time. This allowed accurate measurements under fluctuating 
and changing conditions, when corrections were made for the slow gas exchange 
between sample and gas phase. The method was subsequently further optimised by 
the immobilization of the cells on a filter, which increased gas exchange rate 
considerably. Apart from the detection of ethylene by LPA, a gas chromatograph 
(GC) equipped with an automatic sample loop was adapted to operate in an on-line 
system (Chapter 3). This chapter showed the superiority of an on-line measurement of 
nitrogenase activity relative to batch incubations. In analogy of photosynthetic light 
response curves, the physiology and nomenclature of N2 fixation versus light response 
curves is described in Chapter 4. In this chapter a mathematical model is 
recommended, with which light response curves can be fit in order to derive the 
different photosynthetic parameters for N2 fixation. These parameters are used for the 
description of the physiological state of N2 fixing organisms.
Chapter 5 identifies the pigment composition of heterocysts that are responsible for 
the light stimulation of nitrogenase activity as was demonstrated in Chapters 2-4. It 
was shown that the heterocyst contained more pigments that are involved in light
12
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stimulation of N2 fixation than assumed thus far. It was also demonstrated that the 
pigment composition changed throughout the day. Chapter 6  deals with the O2 optima 
of N2 fixation in natural populations at different irradiances. In order to prevent 
adaptation to incubation level of O2, measurements were carried out under 
continuously changing O2 concentrations, from low to high and vice versa. 
Incubations at different irradiance levels were carried out to show the effect of 
different sources of ATP on the O2 optima. This chapter also shows that apart from 
cytochrome oxidase, other electron donors to O2 may be present and active in the 
heterocyst. Differences in temperature effects on O2 fluxes and enzyme activities 
showed this factor may be a strong forcing function for the occurrence and 
proliferation of different types of N2 fixers in nature (Chapter 7). Chapter 8  describes 
of a series of 24 h measurements in the Baltic Sea. In this chapter it is shown that 
heterocystous cyanobacteria adapt their photosynthetic parameters for N2 fixation to 
different light regimes.
13
Chapter 2: Laser photoacoustic detection o f nitrogenase activity
O n -l in e  m o n it o r in g  o f  n it r o g e n a s e  a c t iv it y  in  c y a n o b a c t e r ia  by
SENSITIVE LASER PHOTOACOUSTIC DETECTION OF ETHYLENE
Hanna Zuckermann, M arc Staal, Lucas J. Stal, Jörg Reuss, Sacco te Lintel Hekkert, 
Frans Harren, Dave Parker.
Abstract
A new and extremely sensitive method for measuring nitrogenase activity through 
acetylene reduction is presented. Ethylene produced by nitrogenase mediated reduction 
of acetylene is detected using laser photoacoustics (LPA). This method possesses a 
detection limit making it 3 orders of magnitude more sensitive than traditional gas 
chromatographic analysis. Photoacoustic detection is based on the strong and unique 
absorption pattern of ethylene in the CO2 laser wavelength region (9-11 ^m). The high 
sensitivity allowed on line monitoring of nitrogenase activity in a culture of the 
heterocystous cyanobacterium Nodularia spumigena which was isolated from a water 
bloom in the Baltic Sea. This set up makes it unnecessary to take subsamples from the 
culture and avoids long incubations in sealed vials. The fast response of the LPA 
technique allows measurement of real time dynamic changes of nitrogenase activity. The 
method was used to analyze in vivo saturation of nitrogenase by acetylene in N. 
spumigena. It is demonstrated that 20% acetylene does not saturate nitrogenase and that 
the degree of saturation depends on light intensity. With concentrations of acetylene as 
low as 2.5% it is possible to assess the degree of saturation and to extrapolate to total 
nitrogenase activity. in  N. spumigena nitrogenase activity becomes independent of light 
intensity above 20-80 ^mol photons m -2 s-1 at 20% O2.
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Introduction
The fixation of dinitrogen (N2) by micro-organisms is the only process in nature that 
counteracts the losses of combined nitrogen from the environment by denitrification. Except 
for a few highly specialised prokaryotic species that are capable of using molecular nitrogen 
as their source of nitrogen for growth, all other living organisms depend on one or another 
source of combined nitrogen such as nitrate (NO3- ), ammonium (NH4+) or organic nitrogen 
(e.g. amino acids). Often, these nutrients are short in supply and usually in natural waters 
primary productivity is limited by the availability of nitrogen except when diazotrophic (N2- 
fixing) cyanobacteria are the predominant primary producers (Leppanen et al. 1988). Together 
with photosynthesis, nitrogen fixation ranks among the most vital processes on Earth. Hence, 
its study is well deserved.
The acetylene reduction method is most widely used for the measurement of nitrogenase 
activity. This method is based on the property of nitrogenase to reduce compounds with a 
triple bond (Flett et al. 1975, Hardy et al. 1968). In addition to reducing N2 to NH4+, 
nitrogenase reduces acetylene to ethylene. Both of these gases can be measured with high 
sensitivity by gas chromatography with flame ionization detection (FID). The acetylene 
reduction method is easy and cheap. Notwithstanding its sensitivity, the acetylene reduction 
technique requires incubations which take from minutes when very active dense cell 
suspensions are used, to several hours for material that contains less activity (i.e. in dilute 
suspensions or in cell suspensions containing low biomass). Often it is necessary to 
concentrate natural samples or even cultures and incubate them for considerable periods of 
time, which impairs the temporal resolution of these measurements. Moreover, long 
incubations and concentrated cell suspensions in sealed vials will induce artefacts like 
changes in conditions such as oxygen and carbon dioxide concentrations or pH, all of which 
strongly affect nitrogenase activity. In phototrophic organisms dense cell suspensions will 
also influence the local light intensity in the suspension due to strong self-shading effects. 
Usually acetylene reduction assays are carried out supplying 10-20% acetylene, in the gas 
phase (Stal 1988). These concentrations are considered to saturate nitrogenase. Because the 
affinity of nitrogenase for acetylene is much higher than for dinitrogen, at these acetylene 
concentrations little or no nitrogen is fixed (Stewart et al. 1968). Hence, the organism may 
experience this situation as a nitrogen limitation to be counteracted by an increase of the level 
of nitrogenase. Prolonged incubations during acetylene reduction assay are therefore 
problematic (Lindblad et al. 1991, Michin et al. 1983).
With the development of powerful lasers and sensitive microphones, gas detection by 
conversion of light into acoustical signals (Laserphotoacoustics, LPA) became very sensitive. 
For instance, ethylene can be measured with a detection limit of 6  ppt (by volume) (Fink et al. 
1996, Harren and Reuss 1997). The LPA detection of ethylene is based on its strong
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absorption in the infrared (IR) region, at specific laser lines of a CO2 laser. IR detection of 
ethylene has been used be by Ashtakala et al.(1980) to measure nitrogenase activity, with a 
sensitivity comparable to gas chromatography in the parts per billion (by volume) range. Due 
to its much lower detection limit, the LPA technique can be used to measure on-line the 
acetylene reduction of small amounts of biomass and to monitor small changes of nitrogenase 
activity in real time.
LPA was applied here to investigate nitrogen fixation in the heterocystous cyanobacterium 
Nodularia spumigena. This cyanobacterium forms water blooms in the Baltic Sea (Leppanen 
et al. 1988). The Baltic Sea is located in the North of Europe and represents the largest body 
of brackish water in the world. It is a largely enclosed basin and only connected via a narrow 
channel to the North Sea. The Baltic Sea receives considerable input of nutrients via run-off 
and wet deposition. In recent years this has led to increased phytoplanktic blooms (Kahru et 
al. 1994). In summer primary productivity becomes nitrogen limited, resulting in the 
development of diazotrophic blooms of Aphanizomenon flos-aquae and N. spumigena. These 
blooms contribute considerably to the nitrogen input of the Baltic Sea, but no precise 
estimates of this input are available. The LPA method allows precise measurements and 
monitoring of nitrogen fixation, with high temporal resolution.
Material and Methods
Laser Photoacoustic Detection o f Ethylene
The detection of ethylene is based on its strong infrared absorption at specific laserlines of the 
CO2 laser in the 9-11 .^m wavelength region. Other molecules such as NH3, O3 and H2O also 
absorb in this wavelength region and can be detected similarly using the photoacoustic 
technique (Harren et al. 1990, Meyer and Sigrist 1990).
The LPA set-up consists of a high power CO2 laser (100 W for an acoustic cell placed inside 
the laser cavity (Fig. 1)). The gas from the outlet of the sample cuvette flows continuously 
through the acoustic cell at atmospheric pressure. At well-chosen laser wavelengths trace gas 
molecules absorb the infrared radiation and as a consequence the molecules are excited into a 
higher internal energy level. The absorption wavelength corresponds to a rotational- 
vibrational excitation. Molecular de-excitation (i.e. collision relaxation) increases the kinetic 
energy and temperature of the gas surrounding the excited molecules. Since this process 
occurs in an acoustic cell of constant volume it will cause an increase in pressure. When the 
light source is chopped at an audio frequency pressure fluctuations of the same frequency
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occur inside the acoustic cell. A sensitive microphone mounted in the center of the acoustic 
cell and amplified by a lock-in amplifier detects the pressure changes.
Fig. 1. Laser Photoacoustic setup: 1 grating to select wavelengths; 2 chopper; 3 water cooled CO2 laser 
tube; 4 focusing lens; 5 photoacoustic cell; 6  front mirror; 7 gas flow system.
Ethylene possesses a distinct fingerprint-like absorption spectrum in the CO2-laser 
wavelength region (Brewer et al. 1982). The strongest ethylene absorption is at the 10P14 
CO2 laser line (10.53 pm wavelength, 30.4 atm-1 cm-1 absorption strength) and a much weaker 
absorption is observed on the 10P12 line (10.51 pm, 4.8 atm-1 cm-1). During one 
concentration measurement the corresponding microphone signals on both laser lines are 
determined. The difference yields the concentration corrected for contributions from other
gases and from window absorption. The resulting detection limit for ethylene is 6  parts
12ethylene in 10 parts of air (Harren and Reuss1997, Harren et al. 1990). The time response is 
determined by the time needed to switch the grating between the two laser lines. In the present 
set-up the sampling rate is 20s. In our present set-up, with steady state concentrations of 20­
600 ppb, we were able to detect changes of less than 0.5 ppb.
Incubation chamber
All experiments were carried out with a temperature controlled gas tight incubation chamber 
(Fig. 2) with a well-defined light regime (light field 1.5 cm) and a volume of 12 ml filled with
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II
4
Fig. 2. Incubation chamber: 1 oxygen electrode; 2 magnetic stirrer; 3 water cooling inlet and outlet; 4 
gas inlet and outlet. The culture volume used for incubations was 8 ml.
6  ml sample (modified after Dubinsky et al. 1987). A gas flow was led over the watery sample 
which is vigorously mixed by a magnetic stirrer in order to accomplish fast gas exchange. A 
Clark type oxygen electrode was placed in the incubation chamber to continuously monitor 
the oxygen concentration during the experiment. A slide projector (250 W halogen lamp) was 
used as light source. Different light intensities were realised by positioning slides with neutral 
density filters into the light beam. The incubation chamber was connected to the 
photoacoustic cell by polystyrene tubing (Fig. 1 ). This set-up allowed on-line monitoring of 
nitrogenase activities in the culture at different light, acetylene, and oxygen concentrations
Gas mixtures
Clinical air or mixtures of nitrogen and oxygen were mixed with acetylene using mass flow 
controllers (Brooks,5850E). Gases were obtained from Hoek-Loos (The Netherlands). Gas
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mixtures were prepared with 0-20% of acetylene. The contaminating ethylene concentration 
present in the acetylene increased proportional with the acetylene concentration in the gas 
mixture. At high acetylene levels the photoacoustic signal increased dramatically at both laser 
lines due to the presence of acetone, which served as the solvent of acetylene in the gas 
cylinder. In particular, this became a problem when the pressure in the gas cylinder decreased 
during the course of the measurements. Because these acetone concentrations caused 
intolerably high noise levels an acetone trap was introduced into the system (Fig. 3). The 
acetone trap consisted of a water chamber with a continuous water flow through which the gas
Fig 3. Acetone trap: 1 water inlet; 2 water outlet; 3 height-adjustable glas tube to regulate water level 
in the trap; 4 safety water outlet; 5 floating valve to close the gas outlet when the water level becomes 
too high; 6  gas inlet; 7  hole where the acetone-free gas enters the central tube that leads to 8 , the gas 
outlet.
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was bubbled. The trapping process is based on the difference in solubility of acetone, 
acetylene and ethylene in water. A water flowthrough system was chosen to avoid acetone 
saturation of the water volume of the trap. The trap also scavenged ethanol which presented 
an additional interfering gas because it was used as solvent for 3,-(3,4-dichlorophenyl)-1,1- 
dimethyl urea (DCMU), an inhibitor of photosystem II (Lavergne 1982). During the 
determination of the acetylene saturation curves the trap was placed between the incubation 
chamber and the LPA cell (Fig. 1). This position of the trap allowed the accurate regulation of 
acetylene concentrations in the incubation chamber by the mass flow controllers. Due to the 
low solubility of ethylene in water no significant losses of ethylene occurred. This was 
confirmed by injecting known amounts of ethylene into the gasflow before and after the trap. 
However, the trap increased the instrument response time of the system from 1.8 to 5.8 min. If 
fast response measurements were required, the trap was placed in front of the incubation 
chamber. Since some acetylene is also retained in the trap, the actual acetylene concentration 
in the incubation chamber was measured separately by gas chromatography (Stal 1988).
The rate of gas flow over the culture was kept as high as possible in order to obtain a fast time 
response. For most experiments the optimal flow rate was determined to be 2.5 L h-1 resulting 
in C2H4 concentrations in the range 20-600 ppb and allowing detection of small changes in 
nitrogenase activity. The measured rates of ethylene production in the gas phase are described 
by
N t = N (1 -  e -tD )+ N 0e~tD ; t > 0 (1)
Here N  stands for ethylene production rate (nl h-1) by the cyanobacteria. No, Nt and N  are the 
production rates at time < 0, time t and at steady state, respectively. The steady state 
production rate N  equals N0 + AN. AN is assumed to be constant. D is the gas dilution constant 
(h-1).
Culture
The heterocystous cyanobacterium Nodularia spumigena was used in this study. This strain 
was provided by Dr. P. Hayes (Bristol University, UK) who isolated it from a cyanobacterial 
bloom in the Baltic Sea. N. spumigena was grown in a mixture of 1 part artificial seawater 
medium ASN 3° and 2 parts of freshwater medium BG 11° (Rippka and Stanier 1978). The 
medium was devoid of any source of combined nitrogen and, therefore, the organism grew 
diazotrophically. The salinity of the medium was approximately 9%o. The cultures were 
grown as batch cultures in aerated Kluyver flasks at 20o C with continuous illumination at an
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intensity of 15 ^mol photons m-2 s-1. For experiments, exponentially growing cultures were 
used. The chlorophyll contents of the samples used in the experiments were in the range 0.7 - 
1.66 ^g Chl a ml-1
Results
Acetylene saturation o f nitrogenase activity, in vivo.
In Fig. 4 ethylene production rates (Nt) were recorded during the step-wise increase of the 
acetylene concentrations from 0-20% under dark incubation (Fig. 4A) and with 80 ^mol m-2 
s-1 of illumination (Fig. 4B). Each acetylene concentration was applied for at least 5 volume 
changes (equals 0.5h) until a “steady state” C2H4 photoacoustic signal was reached. The 
experimental data were fitted to equation 1 and production rates (Nt) were used for further 
analyses. A complete set of measurements at one single light intensity took, therefore 7 - 12 h. 
Five different levels of illumination were examined (Table 1). From these, acetylene 
saturation curves were derived using a Michaelis Menten equation
N s = .Fm‘x (2)
'  ( m  +[«])
where Ns is the velocity of ethylene production (^mol h-1 mg Chl a-1), Vmax is the maximum 
ethylene production rate (^mol h-1 mg Chl a-1), Km is the apparent affinity constant (percent 
C2H2) and [S] is the substrate concentration (percent C2H2).
As shown in fig 5B incubation of the culture at a constant light intensity of 80 ^mol photons 
m-2 s-1 for 10h resulted in an increase of nitrogenase activity. At the end of this experiment the 
acetylene concentration was lowered to respectively 4.8% and 1%. The ethylene production
was found to have increased linearly in time by 0.11 nl h-2. This increase may have been the 
result of (i) growth, (ii) higher nitrogenase content or (iii) higher specific activity of
the enzyme. Due to the presence of acetylene, nitrogenase would reduce less N2 and, 
consequently, the organism may become nitrogen depleted. This nitrogen depletion may 
increase nitrogenase activity e.g. by increasing the flow of energy and reducing equivalents to 
the enzyme. This increase was not observed when the assay was carried out in the dark (data 
not shown). The rates of acetylene reduction used for Michaelis-Menten fits were corrected 
for this increase in activity during the course of the experiment; the data of fig 6  correspond to 
the initial nitrogenase activity at t=0 .
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Fig 4. Ethylene production rates, Nt, by N. spumigena , at different acetylene concentrations plotted 
against time. Arrows in the figure indicate when “steady state” values are reached at the acetylene 
concentrations noted above the arrows. A, acetylene saturation curve measured in the dark; B, 
acetylene saturation curve measured at 80 ^mol photons m" s .
The nitrogenase activities (Ns) as a function of acetylene concentration were used to construct 
acetylene saturation curves (Fig. 5). The acetylene saturation curves measured in the dark and 
with illumination at 80 ^mol of photons m"2 s"1 of light showed good fits to the Michaelis­
Menten enzyme kinetics equation up to acetylene concentrations of 10% (Fig. 5 A). The 
acetylene saturation curves measured at light intensities of 9, 34 and 450 ^mol photons m-2 s-1
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C2H2 (%)
C2H2 (%)
Fig 5. Acetylene saturation curves at different light intensities. Each point, N, is a result of a fit to 
experimental results, Nt, as shown in Fig 4, with eq. 1, after correction for background and slow 
increase of specific nitrogenase activity in time. A, BDark, •  80 ^mol photons m-2 s-1 . Acetylene was 
mixed with air resulting in a significant decrease of oxygen concentration at higher acetylene 
concentrations. B, □ 9 ^mol photons m-2 s-1, A 34 ^mol photons m-2 s-1 , V 450 ^mol photons m-2 s-1 . 
Mixtures of C2H2, O2 and N2 were used, in which the concentration of oxygen was kept constant.
fit very well to the Michealis-Menten equation at all acetylene concentrations tested (Fig. 5B). 
The experiments shown in Fig. 5A and 6 B differed in their gas handling. The results depicted 
in Fig. 5A were obtained when acetylene was mixed with air, and consequently, O2 (and N2)
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concentrations decreased significantly at higher applied acetylene concentrations. No 
corrections for this effect were made (Fig. 5A). The data depicted in Fig. 5B were obtained 
with mixtures of C2H2, N2 and O2 in which the concentration of O2 was kept constant at 20%. 
Thus, the apparent disagreement between the Michaelis-Menten fit and the experimental data 
of Fig.5A at high acetylene concentrations stems from an experimental artefact, i.e. that O2 
concentration was not kept constant during these measurements.
Table 1. Apparent Km and Vmax values for acetylene reduction in N. spumigena at different light 
intensities fitted with the Michaelis-Menten kinetic model together with the degree of saturation at 2.5 
and 20% of acetylene in the gas flow, defined as (Ns/Vmax)100%.
Iin (|imol 
photons m"2 s"
Km(%) Vmax (|imol h"1
mg chl-a"1)
r2 Degree of saturation (%) 
2.5% C2H2 20% C2H2
0 1 .8 1.04 0.99 58 92
9 5.1 4.17 0.99 33 80
30 5.6 6.93 0.99 31 78
80 6.9 4.70 0.82 26 74
450 7.4 3.67 0.99 25 73
The fit results from the data shown in graph 5 are summarised in Table 1. The Degrees of 
saturation (Ns/Vmax* 100%) of nitrogenase activity at 2.5 and 20% of acetylene are derived 
from the Michaelis-Menten fit. Remarkably, even at 20% C2H2, in vivo nitrogenase activity in 
N. spumigena was not saturated. The highest degrees of saturation were obtained for dark 
conditions, i.e. 58% and 92% saturation at 2.5% and 20% acetylene in the gas phase, 
respectively. For light intensities higher than 9 ^mol photons m-2 s-1 the degree of saturation 
appeared to be only slightly influenced by the specific light intensity applied. Under 
illumination, the average degrees of saturation were 30% and 79% at 2.5% and 20% of 
acetylene, respectively. The apparent Km value increased slightly with increasing light 
intensity (in the dark and at 450 ^.mol photons m-2 s-1, Km = 1.8 and 7.4 % C2H2, respectively). 
This allowed us to perform the acetylene reduction assay, at e.g. 2.5% of C2H2, since a 
correction for partial saturation can be applied.
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Light saturation o f in vivo nitrogenase activity
Figure 6  shows ethylene production rates (Ni) for an experiment in which N. spumigena was 
first incubated for 30 min in the dark, then kept for 3 h at 50 pmol photons m-2 s-1 and, 
subsequently, returned to dark conditions. The experiment was carried out with 2.5% of 
acetylene in the gas phase. In the dark the rate of ethylene production was 14.5 nmol h-1. 
When switched to light conditions, the cyanobacteria responded instantaneously; the ethylene 
production jumped to 44 nmol h-1 (the delayed response is due to the dilution rate). 
Subsequently, the rate of acetylene reduction slowly increased further by 5.5 nmol h-2. After 3 
h of illumination, the change to dark conditions resulted in a decrease of the ethylene 
production rate from 55 to 34 nmol h-1. Thus, after 3 h of incubation in light the dark 
acetylene reduction rate was considerably higher than the 14.5 nmol h-1 observed at t=0.5h. 
The increase in the dark was calculated to be 6 . 6  nmol h-2, slightly higher than the increase
1  1 i 1 i 1 i 1 r
0 1 2  3 4
time (hours)
Fig 6 . Rates of ethylene production, Nt, by N. spumigena in the dark (■ )and with 50 ^mol photons m-2 s-1 
(□), with 5% of C2H2 in the gas flow. Background ethylene measurements without a Nodularia. sample 
was performed during the first 10 minutes of the measurement ( ) . The slow increase observed after 
switching to light incubation on reflects an increasing specific nitrogenase activity.
25
Chapter 2: Laser photoacoustic detection o f nitrogenase activity
per hour observed during illumination (5.5 nmol h-2). When these values were corrected for 
the differences in degree of saturation of nitrogenase in the dark and in the light (57% and 
30%, respectively), the increase in nitrogenase activity became 50% higher in the light than in 
the dark (18 nmol h-1 and 12 nmol h-1, respectively). The observed light-induced increase of 
acetylene reduction is most likely due to an increase in specific nitrogenase activity. The rate 
of increase was too high to be explained by growth of the organism (growth rate > 36 h-1 ).
Fig. 7A depicts the ethylene production rates (Nt) measured during a series of irradiation’s 
with 2.5% of C2H2 in the gasflow. The data were fitted to equation 1 to obtain “steady state” 
values N , which were then plotted versus irradiance in Fig. 7B. The data of Fig 7B were fitted 
with a light saturation model (Iwakama and Yasuno 1983 Webb et al. 1974), which is 
frequently used for carbon fixation or oxygen production measurements,
N, = N ,  (1 -  exp(-Q"  Nm )) +Nd (3)
where NI is the steady state ethylene production rate (^mol h-1 mg Chl a-1) at a specific 
irradiance,I, Nm is the maximum light induced ethylene production rate (^mol h-1 mg Chl a-1), 
a  is the nitrogen fixation efficiency (^mol h-1 mg Chl a-1 (^mol m-2 s-1) -1 , Nd is the ethylene 
production rate in the dark (^mol h-1 mg Chl a-1) and I is irradiance (^mol photons m-2 s-1).
This experiment was carried out twice (results from only one of these are shown in Fig. 7. The 
rates of maximum total acetylene reduction (the sum of Nm and Nd) for N. spumigena in these 
two experiments were estimated respectively as 2.2 and 3.5 ^mol C2H4 mg Chl a-1 h-1. 
Because of the differences in specific nitrogenase activity between the cultures, the light 
intensities at which these maximum rates were obtained were likewise different and amounted 
to18 and 80 ^mol photons m-2 s-1, respectively. The dark rates (Nd) in the two experiments 
were 1.2 and 2.2 ^.mol C2H4 mg Chl a-1 h-1, and the affinities (a) were estimated to be 0.18 
and 0.06 ^mol C2H4 mg Chl a-1 h-1 (|j,mol photons m-2 s-1)-1. The Nm (defined as the total 
maximum rate of acetylene reduction minus Nd) values were virtually equal and were 
estimated to be respectively 1.1 and 1.3 ^mol C2H2 h-1 mg Chl a-1. From these values of Nm 
and a, Ik (Ik= Nm /a) was calculated as respectively 6  and 2 1  ^mol photons m-2 s-1. These low 
values of Ik demonstrate that the efficiency of N. spumigena for light mediated diazotrophy is 
high. The low light irradiances at which nitrogenase is saturated indicates that light is not 
likely to be the limiting factor for nitrogen fixation under normal light conditions. Moreover, 
N. spumigena showed a high rate of dark nitrogen fixation compared to the maximum activity 
in the light.
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B
incident irradiance (^mol photons m-2 s-1)
Fig 7. Rates of ethylene production, Nt, by N. spumigena at different light intensities. (A) 
Experimental values. Incubations were carried out with 2.5% C2H2 at 21 °C as follows; 0h 04’ start of 
dark; 1h 23’ start of 5^mol photons m-2 s-1; 1h 45’ start of 9^mol photons m-2 s-1; 2h 52’ start of 18 
^mol photons m-2 s-1; 3h 18’ start of 34 ^mol photons m-2 s-1; 3h 49’ start of 8 8 ^mol photons m-2 s-1; 4h 
10’ start of 133^mol photons m-2 s-1; 4h 36’ start of 315 ^mol photons m-2 s-1 ; 5 h 03’ start of dark. 
The arrows indicate the “steady state” production values at the different irradiances. (B) Fitted 
ethylene production rates obtained in panel A by use of equation 1. The resulting data were fitted with 
equation 3 to obtain the parameters a  and Ik.. Error bars indicate the standard errors, as calculated by 
the curve fit program.
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Discussion
The acetylene reduction assay is one of the most frequently used methods to measure 
nitrogenase activity. Combined with gas chromatographic determination of acetylene and 
ethylene it is a fast, cheap, sensitive and easy method. However, the method usually requires 
incubation in sealed vials with either relatively long incubation periods or high concentrations 
of biomass, or even both, when material possessing low activity is investigated. Extended 
batch incubations are known to interfere with these measurements (Lindblad et al. 1991, 
Minchin et al. 1983). Rarely, the acetylene reduction assay has been used to monitor on-line 
nitrogenase activity in culture (Turpin and Layzell 1985). Without exception such cultures 
were of high density and high acetylene concentrations were applied. Haystead et al (1970) 
reported saturation of cell free preparations of nitrogenase from heterocystous cyanobacteria 
at pC2H2 of 0.02 atm. In cultures, a 10-fold higher concentration (20%) is usually considered 
sufficient to saturate nitrogenase (Stal 1988, Stewart et al. 1968). One reason for this 
difference is that unlike with cell-free preparations, in vivo assays require the diffusion of 
acetylene into the interior of the cell. This may pose a problem, particularly for heterocystous 
cyanobacteria. In this group of cyanobacteria, nitrogenase is located in special cells, the 
heterocyst, in which the enzyme is protected against inactivation by oxygen (Wolk et al. 
1994). The heterocyst has a thick cell envelope, which serves as a gas diffusion barrier 
(Walsby 1985) and also limits the entry of acetylene into this cell.
The higher nitrogenase activity observed in the light would result in a more rapid depletion of 
acetylene in the heterocyst, leading to a steeper gradient of acetylene and the requirement of 
higher concentrations outside the cell. This would explain the observed increase of the 
apparent Km. Another factor that may influence the apparent Km and Vmax is the availability of 
light that provides ATP and reduced ferrodoxin, co-substrates for nitrogenase. In this paper it 
has been demonstrated that even 25% acetylene in the gas phase gives only 93% saturation of 
nitrogenase in N. spumigena incubated in the dark. Knowledge of the level of saturation of the 
enzyme at different light intensities is important when rates of acetylene reduction are used to 
convert into nitrogen fixation. However, as was shown in this paper it must also be taken into 
account when dark and light activities are compared. The theoretical ratio of C2H2 reduction 
to N2 fixation is 4:1, which is based on the following reactions catalysed by nitrogenase:C2H2
+ 2[H ]-----> C2H4 and N2 + 8 [H ]-----> 2NH3 + H2. Comparison 15N fixation and acetylene
reduction (Jensen and Cox 1983b, Montoya et al. 1996) has confirmed this ratio. The use of 
the stable isotope 15N for the determination of nitrogen fixation has been limited particularly 
because it was less sensitive than the acetylene reduction assay (Stal 1988). Only recently, 
Montoya et al (1996) improved the procedure for measuring nitrogen fixation by 15N 
incorporation considerably and obtained a sensitivity, which approached that off the acetylene
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reduction as measured by gas chromatography. Despite this greatly increased sensitivity of 
15N method, low temporal resolution still poses a problem, and incubations of 3 to 6  hours are 
required (Montoya et al. 1996). It is very well possible that the highly variable ratios of 
acetylene reduction and 15N fixation found during measurements in natural ecosystems (Potts 
et al. 1978) can partly be attributed to insufficient and unknown degrees of acetylene 
saturation.
In the set-up described in this paper, the incubation time depends on the time needed for 
ethylene to reach equilibrium for gas exchange between the gas and water phases rather than 
on the sample rate and dilution coefficient. The strength of the method comes from its 
extreme sensitivity, which allows measurements in dilute suspensions at relatively short 
incubation times and the application of low concentrations of acetylene. The on-line 
monitoring also allows measurements under constant conditions, which eliminates artefacts 
caused by changes in concentrations of oxygen or carbon dioxide due to respiration or 
photosynthesis during the incubations.
It was shown that the saturation of nitrogenase by acetylene was different in the dark and in 
the light. However, above a very low light intensity level, saturation values were independent 
on the level of irradiance applied in the experiments. This was attributed to the fact that the 
light response curve for nitrogenase activity in N. spumigena showed an extremely high 
efficiency (a) (Fig. 7B). The higher degree of saturation of nitrogenase by acetylene in the 
dark was most likely due to the fact that under these conditions, the flow of reducing 
equivalents from the neighbouring vegetative cells to the heterocyst becomes limiting, 
resulting in lower rates of acetylene reduction.
An interesting phenomenon was observed when acetylene was mixed with air rather than with 
mixtures of N2 and O2 . When air was used as the gas to be mixed with acetylene the oxygen 
concentration necessarily decreased with increasing acetylene concentrations. This resulted in 
significantly lower rates of acetylene reduction than predicted by Michaelis-Menten kinetics, 
both in the light and in the dark. However, when O2 concentrations were kept constant at 
20%, this phenomenon was not observed. This means that an O2 level lower than in air 
resulted in a lower nitrogenase activity in N. spumigena. In the dark, nitrogenase activity is 
totally dependent on respiratory energy generation, but the finding that oxygen is also 
required for optimal nitrogenase activity in the light was unexpected. It is speculated that 
respiratory oxygen uptake by the heterocyst also occurs in the light and contributes to 
nitrogen fixation. Respiration has been shown to be an important source for energy for 
nitrogen fixation in the light in the non-heterocystous cyanobacterium Gloeothece sp. 
(Maryan et al. 1986).
In this paper we have shown that LPA determination of ethylene can be used as an alternative 
to traditional gas chromatographic assays. Determination of nitrogenase activity by the
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acetylene reduction method with LPA is 3 orders of magnitude more sensitive and can 
therefore be used on-line for cultures of diazotrophic organisms. The sensitivity of the method 
allows real-time nitrogenase measurements. LPA thus can replace the gas chromatographic 
assay of acetylene reduction when a high sensitivity and/or fast response is required. Without 
the sensitive LPA technique that allows on-line monitoring of acetylene reduction at constant 
and dilute cell suspensions, it would have been difficult to obtain satisfactory acetylene 
saturation and light response curves presented here. Presently, LPA is only available as an 
experimental set up for use in the laboratory but a robust version of this apparatus, which can 
be used e.g. on board of research vessels, is being constructed.
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N it r o g e n a s e  a c t iv it y  in  c y a n o b a c t e r ia  m e a su r e d  by  t h e  a c e t y l e n e  
REDUCTION ASSAY; A COMPARISON BETWEEN BATCH INCUBATION AND ON-LINE 
MONITORING
Marc Staal, Sacco te Lintel-Hekkert, Frans J.M. Harren and Lucas J. Stal 
Abstract
A new on-line method for measuring acetylene reduction is described. It consists of a 
gas-flow cell connected to an electronic gas-mixing system and an automatic sample loop 
in the gas chromatograph. Alternatively, ethylene can be determined by using laser- 
based trace gas detection. The laser-based trace gas detection technique achieves a 
detection limit that is 3 orders of magnitude better than gas chromatography. We have 
applied the on-line method for the measurement of nitrogen fixation in a culture of the 
heterocystous cyanobacterium Nodularia spumigena, and compared it to conventional 
batch type incubations. Incubation of N. spumigina in the gas-flow cell resulted in very 
short response times with a steady-state flux of ethylene obtained within 2 min. 
Nitrogenase was shown to respond immediately to changes in light and oxygen. 
Monitoring of nitrogenase activity could be continued for several hours without having 
an negative impact on nitrogen fixation rates in N. spumigena. This was not the case in 
batch incubations where changes in nitrogenase activities were recorded during 
incubations, probably a result of varying oxygen concentrations. It was therefore 
concluded that the on-line method is superior to batch incubations when rates of 
nitrogenase activity are to be measured. The method is suitable for natural samples 
(water or sediment).
Published in Environmental Microbiology (2001) 3 (5): 343-351.
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Introduction
Organisms that are capable of fixing atmospheric dinitrogen (N2) possess the enzyme 
nitrogenase, which reduces N2 to ammonia (NH3), a product that is subsequently assimilated 
into biomass. Such organisms have access to a ubiquitously source of nitrogen. Nitrogenase is 
only found in prokaryotic organisms, including many species o f cyanobacteria. Nitrogenase 
not only catalyses the reduction of dinitrogen but also a variety of other substrates, many of 
which are characterized by a triple bond. The reduction of acetylene (C2H2) to ethylene 
(C2H4) is the best known example because it is widely used as a method to measure 
nitrogenase activity in natural samples, isolates and cell-free extracts. The acetylene reduction 
assay (ARA) was developed in the late sixties by Stewart et al. (1967, 1968) and Hardy et al. 
(1968). Research on cyanobacterial nitrogen fixation has greatly benefited from the ARA and 
it has undoubtedly led to an important increase o f knowledge on the effects o f light and 
oxygen on nitrogenase activity in these phototrophic microorganisms (for reviews on this 
topics see Fay, 1992 and Gallon, 1992).
ARA owes its popularity to its low cost, sensitivity and fast response time. Despite these 
obvious advantages, the technique has encountered criticism, particularly when the amount of 
reduced acetylene is used to estimate the amount of nitrogen fixation. The ARA is an indirect 
method and its theoretical conversion factor to dinitrogen fixation of 4 : 1  is derived from the 
stoichiometry of the reactions:
N2 + 8 [H] ^  2 NH3 + H2 1)
and
C2H2 + 2[H] ^  C2H4 2)
The conversion factor 4 has been proven experimentally in the cyanobacterium Anabaena 
variabilis by membrane inlet mass spectrometry (Jensen and Cox, 1983b). Some researchers 
have considered a conversion factor of 3 more appropriate; they assume that H2 produced 
during nitrogen fixation is taken up by an unidirectional hydrogenase (Houchins, 1984). On 
the other hand, calibration of acetylene reduction in natural environments by 15N2 fixation 
have yielded conversion factors varying between 1 and 50 (Montoya et al., 1996). These 
differences in conversion factors were mostly unexplained but one should note that ARA and 
15N2 incorporation do not necessarily measure the same parameters. The 15N2 fixation method 
measures the net incorporation of N into biomass and does not take into account losses of 
fixed N during incubation. When applied correctly, ARA measures nitrogenase activity that, 
ideally, is a measure of the total amounts of N that a system or organism has fixed. Moreover,
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both methods may produce erroneous results when improperly applied (e.g. long incubation 
time, diffusion problems, etc)
A disadvantage of both ARA and the 15N technique is that they sometimes require prolonged 
incubation times, in order to obtain a signal that is well above the detection limit of the gas 
chromatograph (ethylene) or the mass spectrometer (15N2). For example, 15N2 incorporation 
assays often need incubation times varying from several hours to as long as a whole day, 
whereas with ARA incubations typically vary from 15 min to 4 h depending on the amount of 
biomass and its specific activity. During long incubations with cyanobacteria in closed 
vessels, oxygen may accumulate in the light due to photosynthesis, or oxygen becomes 
depleted in the dark due to respiration. Carbon dioxide will behave in the opposite way, thus 
causing large changes in pH. Another disadvantage of long incubations is that they may 
obscure any periodic patterns of nitrogenase activity occurring at a frequency shorter than the 
incubation time.
On-line measurements of acetylene reduction, in which a continues gas flow is led over a 
sample, prevent accumulation or depletion of O2 and CO2 during incubation and reduce the 
incubation time when the time needed to reach steady state fluxes are short. Few papers have 
been published describing ARA in combination with on-line techniques (Turpin and Layzell, 
1985, Zuckermann et al, 1997). These papers reported that 7-25 minutes were required to 
reach a steady state ethylene flux. The time required to reach a steady state flux between the 
sample and the gas phase is highly dependent on the surface-to-volume-ratio (Degn et al., 
1980, Jensen and Cox, 1983a); a high ratio will ensure that steady state is reached in a short 
time.
Another possible source of systematic errors using ARA is the concentration of acetylene that 
has to be applied in order to saturate nitrogenase. Although cell-free preparations of 
nitrogenase show saturation at acetylene concentrations as low as 0 .1 % (v/v), this is not the 
case for intact cells. Routinely, applied concentrations of acetylene are as high as 10-20% 
(v/v), but even these concentrations may not sufficient to saturate nitrogenase (Zuckermann et 
al., 1997). On the other hand, saturation of nitrogenase with acetylene will completely inhibit 
nitrogen fixation, leading to nitrogen starvation and the induction and synthesis of new 
nitrogenase. These factors and the physiological state of the nitrogen-fixing organisms all 
influence the conversion factor of acetylene reduction to nitrogen fixation.
In this article a fully automated, on-line ARA is described, which reaches steady state 
ethylene flux within two minutes. Nitrogen-fixing cyanobacteria are incubated in a low 
volume gas flow cell on a glass fibre filter. Incubation in this gas flow cell in combination 
with electronically controlled gas flows resulted in very short response. The constant gas flow 
prevented accumulation or depletion of O2 and CO2 and removed any volatile metabolic 
products. The gas flow cell was connected via a gas line to the gas chromatograph equipped 
with an automatic sample loop. The latter allowed ethylene detection as low as 25 ppb with a
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sample frequency of 1 sample per 4 minutes. Instead of a gas chromatograph, laser-based 
trace gas detection can be used. This method is more sensitive (detection limit 0.1 ppb) and 
can sample at a higher frequency (30 sec/sample) (te Lintel-Hekkert et al., 1998), but is not 
yet commercially available. Comparison with batch incubations has shown the superiority of 
the on-line ARA.
Results
Effect o f biomass
The effect of biomass on the measured nitrogenase activity was tested by varying the volume 
of N. spumigena (Strain SN15A) culture filtered on a glassfibre filter (GF/F). ARA was 
performed using the on-line system in combination with laser-based detection of ethylene. 
The test was run in the dark and at 80 ^.mol m"2 s-1, an irradiance that saturated nitrogenase 
activity. Light saturation was determined by recording a light-response curve for nitrogenase 
activity (result not shown, but cf. Fig. 2). A significant linear relationship (p<0.001) was
i^ g chla
Fig 1. Biomass dependency of nitrogenase activity of N. spumigena filtered on glassfibre filters 
using the on-line technique with the laser-based set-up. Nitrogenase activity was measured in the 
dark (open circles) and in saturating light (80 ^mol m-2 s-1) (filled squares).
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found between acetylene reduction rates and the chlorophyll content on the filter (Fig 1). The 
chlorophyll-normalized acetylene reduction activities were 8.5 and 19.8 ^mol mg-1 h-1 in the 
dark and in the light, respectively. Hence, nitrogenase activity in saturating light (Nmax) was 
2.3 times higher than the dark activity (Ndark). The ethylene concentrations measured in this 
experiment were in the range of those routinely measured by laser-based detection (15-300 nl 
h-1) and by gas chromatography (50-3000 nl h-1). The linear relationship of acetylene 
reduction with biomass indicated that self-shading of the cells and other interfering effects 
such as depletion or O2 accumulation did not occur.
Effect o f light on the affinity o f nitrogenase for acetylene
Irradiance-response curves of nitrogenase activity were made at different acetylene 
concentrations using laser-based detection. The ethylene production rates at different 
acetylene concentrations plotted against irradiance were fitted with the Michaelis-Menten 
model (Zuckermann et al. 1997). From this fit, the apparent Km values and Vmax values were 
derived (Table 1), and both varied as a function of irradiance. In the dark, the apparent Km 
was 0.42% acetylene (v/v) and increased with light intensity to 1.18% (v/v). Saturation of 
nitrogenase at 5% (v/v) and 10% (v/v) acetylene was 92% and 96% respectively when 
assayed in the dark, but these values dropped to respectively 81 and 89 % at saturating light.
Table1. Km and Vmax values at different light intensities measured with the on line method using LPA. 
Saturation levels at 5% and 10% acetylene for the different light intensities were calculated using the 
Michaelis-Menten model. Parameters and their standard errors were estimated by non-linear least of 
squares fitting using the Levenberg-Marquardt algorithm in Microcal Origin (Microcal Software Inc.) 
All estimates are based on ethylene production rates at seven different acetylene concentrations.
Photon apparent Km Vmax saturation level saturation level
Irradiance at 5% C2H2 at 1 0 % C2H2
(pmol m-2 s-1) (% v/v) nl h-1 (% v/v) (%v/v)
0 0.42 ± 0.08 143 ± 7 92 96
5 0.49 ± 0.05 188 ± 5 91 95
1 1 0.61 ± 0 . 0 2 229 ± 3 89 94
25 0.72 ± 0.02 260 ± 2 87 93
51 0.89 ± 0.03 303 ± 3 85 92
67 0.93 ± 0.04 313 ± 5 84 92
1 2 0 0.96 ± 0.05 330 ± 6 83 91
240 1.07 ± 0.08 345 ± 10 82 90
1 0 0 0 1.09 ± 0.08 354 ± 9 82 90
1580 1.18 ± 0 . 1 369 ± 11 81 89
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Light-response curves
Light response curves were measured for acetylene reduction by N. spumigena using three 
different methods: (i) on-line measurement using the gas flow cell; (ii) batch incubation of the 
cyanobacterium on a glassfibre filter (filter incubation); (iii) batch incubation of 1 ml liquid 
culture (liquid incubation). For all experiments samples of cyanobacteria were taken from a 
single culture, and ethylene production was determined by gas chromatography. The batch 
experiments were incubated for 140-150 minutes, during which acetylene reduction rates were 
determined three times at intervals of 0-45, 45-90 and 90-140 minutes. The results are shown 
in Fig. 2 together with the on-line light response curve that was measured as a control 
immediately after finishing the batch experiments. In order to check the possibility of time 
dependent changes in the on-line system, the light-response curves measured by the on-line 
system were repeated 3 times wihin 3 hours. No significant change was found in the rate of 
nitrogenase activity or in the shape of the light response curve (data not shown). In contrast, a 
clear difference was found between the two types of batch experiments (Fig. 2). The highest 
chlorophyll-specific nitrogenase activities were measured by the liquid incubation method (33 
^mol C2H4 mg-1 h"1). Using this method, maximum nitrogenase activity detected was at a 
photon irradiance of approximately 100 ^mol m-2 s-1. Above that light intensity, a decrease in 
nitrogenase activity was observed, when the cultures were incubated for a period longer than 
45 minutes. A similar pattern was found with the filter incubation, although the maximum 
nitrogenase activity was lower (maximum: 19 ^mol C2H4 mg-1 h-1) and photo-inhibition was 
observed within the first 45 minutes. In contrast, the on-line method yielded a maximum 
nitrogenase activity of 20 C2H4 ^mol mg-1 h-1 at an incident light intensity of 50 ^.mol m-2 s-1 
and remained constant at higher irradiances.
The light response curves of acetylene reduction in both batch methods changed as a function 
of the duration of incubation. With increasing incubation time, maximum nitrogenase activity 
at saturating light intensity hardly changed in both batch incubations, but dark activity 
decreased respectively 40% and 70% for the filter and water incubated Nodularia spumigena. 
Hence, the ratio of maximum to dark nitrogenase activity in the liquid batch method increased 
with the duration of the incubation from 2.1 to 8.5 (Table 2). Moreover, the photo-inhibitory 
effect of high irradiances on acetylene reduction increased with incubation times. The light 
response curve measured with a filter incubation in the first 40 minutes most resembled the 
one recorded on-line. The ratio Nmax to Ndark was 1.7 and 1 . 6  measured with the filter and on­
line method respectively.
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light (nmol photons m’2 s '1)
light (nmol photons m'2 s '1)
light (nmol photons m'2 s'1)
Fig 2. Comparison of nitrogenase 
activity between N. spumigena 
incubated on a filter (filled 
squares) and in water (open 
circles) using the batch acetylene 
reduction technique and N. 
spumigena incubated on a filter 
using the on-line technique 
(triangles). Nitrogenase activities 
in the batch incubations were 
measured for 3  consecutive 
periods, 0-45 minutes (A), 45-90 
minutes (B) and 90-140 minutes 
(C). The on-line light response 
curve was measured once, but 
plotted in all three graphs.
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Table 2. Ratio of maximum (Nmax) to dark (Ndark) nitrogenase activity at three consecutive periods 
measured with the acetylene reduction method in two different types of batch incubations, water 
incubated and filter incubated. The Nmax to Ndark ratio measured with the on-line method was 1.6.
0-45 min 45-90 min 90-140 min
water incubated 2 . 1 4.6 8.5
filter incubated 1.7 2 . 1 2.5
Effect o f O2 on nitrogenase activity
Light-response curves of nitrogenase activity were measured at a range of oxygen 
concentrations using the on-line system with gas chromatographic detection of ethylene (Fig. 
3). This experiment was repeated 4 times, all with the same trends in nitrogenase activity.
irradiance
oxygen(%)
Fig. 3. The effect of oxygen on nitrogenase activity at different light intensities in N. spumigena. 
Measurements of acetylene reduction activity were carried out with the on-line GC-system. Light 
response curves were made at 2 0 %, 1 0 %, 5%, 2.5% and 0 % O2 (v/v)in the gas flow.
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Only one representative example is shown. At lower oxygen concentrations, the maximum 
nitrogenase activity increased at saturating light, while dark and low light activity decreased. 
At 20% O2 (v/v), the ratio Nmax to Ndark was 1.8, but increased with decreasing O2 
concentration to 3.2, 4.8, 8 . 8  and 12.6 for oxygen concentrations of 10, 5, 2.5 and 0% (v/v), 
respectively. None of these light-response curves showed inhibition at high light intensity.
Discussion
The on-line method for measuring nitrogenase activity by acetylene reduction is a 
modification and improvement of the procedure we published previously (Zuckermann et al. 
1997). In the previous set-up, the cyanobacterium Nodularia spumigena strain S34D was 
incubated as a cell suspension, resulting in long equilibration times (25 min) before a steady 
state flux of ethylene to the gas phase was reached. Filtering the organisms on a GF/F glass 
fibre filter (Fig. 5) increased the surface to volume ratio considerably, resulting in a steady 
state flux of ethylene within 1.5 min (Fig. 6 ). Because of the fast response of the on-line 
method, a light versus nitrogenase activity curve ( 1 1  light intensities) was completed in only 
44 min. The on-line system can easily be taken on board a research vessel or installed in a 
field lab, where the incubation cell can be placed outside in order to record nitrogenase 
activity under natural light conditions. Using gas chromatographic detection of ethylene, 
nitrogenase activity can be measured with 4 min time intervals.
Our observation that the Km of acetylene varied with light intensity reconfirmed the results of 
Zuckermann et al. (1997). However, in that study higher values for Km were found. The 
apparent Km for acetylene at high light intensities found in this study corresponds well with 
the 1.1% that was reported by Jensen and Cox (1983a). One explanation for the higher 
apparent Km recorded by Zuckermann et al. (1997) may be found in the difference between 
the incubation techniques. In Zuckermann et al. (1997) the cyanobacteria were incubated in 
suspension. This will probably lead to thicker diffusive boundary layers compared to the filter 
technique. Alternatively, differences in the diffusion characteristics of the cell wall from the 
heterocysts could be responsible for the observed differences in Km and Vmax values. Murry et 
al. (1984) showed that apparent Km values for acetylene of Anabaena cylindrica could vary 
by a factor of 16 in cultures grown under different oxygen tensions. These authors therefore 
suggested that the apparent Km for acetylene could be used as a measure for the gas 
permeability of the heterocyst. However, the differences in the apparent Km were particularly 
large when nitrogenase activity was high, i.e. at high irradiances. At the highest light intensity 
we found a Km that was 6.2% (v/v) C2H2 lower than reported by Zuckermann et al. (1997) In 
the dark this difference was only 1.4% (v/v) C2H2. The ratios of the Km values from the same 
light intensity in this article compared to Zuckermann et al. (1997) are between 0.12 (low
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light) to 0.145 (high light) in the light and 0.22 for the dark incubated cells. The difference 
between dark and light indicates that the diffusion of acetylene was the limiting factor. As 
diffusion in air is faster than in cell suspensions, we conclude that the apparent Km values 
found here are representative for N. spumigena (SN15A). In our experiments we have chosen 
to work with 10% v/v acetylene. This concentration results in a difference in nitrogenase 
saturation between dark and high light of only 7%.
The three methods of incubation resulted in three different light response curves for nitrogen 
fixation. The higher acetylene reduction rates for the water incubation require an explanation. 
We speculate that different oxygen concentrations at the start of the experiment or losses of 
sample material during filtration after terminating the incubation would result in a higher 
biomass-specific activity. The average amount of determined chlorophyll a was 5% lower in 
the water incubated batch measurements, compared to the filter incubated batch 
measurements, while the same volume of culture was added. Neither the filter batch nor the 
on-line procedure is affected by this problem. Both types of batch incubations differ from the 
on-line method because of photo-inhibition at high light intensities as well as higher Nmax to 
Ndark ratios. The on-line method has a low Nmax to Ndark ratio varying from 1 . 6  to 2.3 in the 
different experiments, and did not show photo-inhibition. Nmax to Ndark ratios between 1.5 and 
3 have often found in exponentially growing cultures of heterocystous cyanobacteria (Weare 
and Benemann, 1973, Granhall, 1989) and were also reported for other Baltic Sea 
cyanobacteria (Evans et al., 2000). The differences between the two types of batch 
incubations and the on-line method were related to the duration of the incubation. Gas 
samples from the batch incubations were taken at three different times and with the duration 
of the incubation, photo inhibition became stronger. The ratio Nmax to Ndark increased within 
1.5 hours from 2.1 to 8.5, mainly because Ndark decreased, while Nmax remained constant. Two 
explanations can be given for this observation. In the dark, carbohydrate reserves may rapidly 
become depleted, thus reducing nitrogenase activity due to limitation of energy and the supply 
of reducing equivalents, which are also involved in the protection of nitrogenase from oxygen 
(Ernst et al., 1984b). However, this scenario does not explain photo inhibition at high light 
intensities, as reserves of carbohydrates will be replenished under high light conditions. 
Therefore, the observed differences are better explained as an effect of oxygen. In the dark, 
decreasing oxygen concentration caused lower nitrogenase activities, whereas in saturating 
light, decreasing oxygen concentrations resulted in higher activities. Measurements of oxygen 
in cell suspensions identical to those used for the nitrogenase assays showed a decrease in the 
dark of 30 ^mol l-1 h-1, while in the light (160 ^mol m-2 s-1) a non linear increase in oxygen 
concentration was found. Whereas the cell suspensions were stirred for the oxygen 
measurements, this was not the case for the nitrogenase assays. Thus, even stronger oxygen 
effects would be expected due to lower diffusion rates. The production of oxygen in the light 
and consumption in the dark would explain both the time dependent increase of light
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inhibition as well as the decreasing dark nitrogenase activity. In conclusion, oxygen seemed to 
be the cause of the non-linearity of nitrogenase activity in batch incubations as has been 
shown in other studies (Capone, 1995, Stal, 1988). The on-line method is less affected from 
the changes in oxygen concentration during incubation, because oxygen fluxes will reach a 
steady state with the gas flow. The change in oxygen concentration between dark and light 
(1600 ^mol m"2 s-1) was less than 15 nmol l-1 as was measured using an O2 microelectrode 
positioned with its tip on the surface of the glass fibre filter. This small change in oxygen 
concentration did not have a measurable effect on nitrogenase activity (Fig. 2)
In addition to the obvious advantages of short incubation times and constant incubation 
conditions, the on-line method does not suffer from errors originating from difficulties to 
precisely register time, because steady state ethylene fluxes are measured. Sampling of the gas 
phase of a batch incubation can be done with a timing accuracy of 10-30 seconds. In order to 
obtain an error by time registration of less than 1% incubation times of minimal 15-40 
minutes are necessary. The same is true for 15N2 incubations, but in this case filtration of the 
samples may lead to an additional time uncertainty of up to 10 minutes (Montoya et al.,
1996). This makes it impractical to carry out incubations shorter than 1 hour, unless filtration 
has been done prior to incubation.
A disadvantage of the continuous gas flow of an on-line system is that ethylene does not 
accumulate, which means that only low concentrations are present. However, because mass 
flow controllers have an accuracy of 0 .2 % or better, emission values can be calculated 
precisely. Since the measurement of acetylene concentration as internal standard is not 
required, as would be the case in batch incubations (Stal, 1988), the FID detector of the gas 
chromatograph can be run at maximum sensitivity. In this way we were able to achieve a 
detection limit of 25 ppb of ethylene, 20-40 times better than that usually obtained. By using 
the laser based ethylene detection, the detection limit of changes in fluxes can be further 
increased to 0.1-0.5 ppb, which make the on-line system one of the most sensitive methods for 
in vivo and in situ measurements of nitrogen fixation. The on-line method described in this 
paper offers a rapid, almost real-time measurement of nitrogenase activity in cultures or 
natural populations from planktonic or benthic cyanobacteria, without having several negative 
side effects caused by changing conditions during batch incubations. The on-line method 
therefore allows the study of the effects of environmental conditions like light intensities 
(Fig.2 and 3), light colors, temperature and gas concentrations (Fig. 3) under steady state or 
controlled non-equilibrium conditions.
41
Chapter 3: Comparison between on-line and batch incubations
Methods
Description o f the on-line ARA set-up
Ethylene was measured with either a gas chromatograph (Shimadzu GC-14A) equipped with a 
flame-ionization detector (FID) and a 1-ml stainless steel sample loop, connected to the 
injector via an automatic 6 -way valve, or with a laser-based trace gas detector (Harren and 
Reuss, 1997; Zuckermann et al., 1997; te Lintel Hekkert et al., 1998). The conditions of the 
gas chromatograph were as follows. The injector, detector and oven temperatures were 90, 
120 and 55 oC, respectively. The carrier gas was He (highest available purity) at a flow rate of 
10 ml min-1 and the supply of H2 and air for the FID were 30 and 300 ml min-1, respectively. 
The column was a 25-m long wide-bore silica fused (0.53 mm i.d.) Porapak U (Chrompack, 
Netherlands). This set-up allowed an effective detection limit of ethylene of 25-50 ppb. The 
retention time was 1.6 min and one full run took 4 min. Standard deviations on 4 successive
Fig. 4. Schematic description of the on-line set-up using a gas chromatograph for ethylene detection, and the 
personal computer (PC) for controlling gas mixtures and light intensities. Gas mixtures were made with an 
electronic gas mix system with mass flow controllers. Light was provided by a slide projector with different 
neutral density light filters. The GC was an autonomous running machine sending signals to the PC
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injections were 1.5-3% of the average value, when acetylene reduction was measured in dark 
incubated Nodularia sp. samples. The laser-based trace gas detector has 3 orders of magnitude 
better sensitivity and was able to measure changes in ethylene concentration of 0.25 -  1 ppb 
on a background range of 10-400 ppb. Measurement of ethylene by this instrument has been 
described in detail by Zuckermann et al. (1997) and te Lintel Hekkert et al. (1998). 
Additionally, the on-line set-up for ARA consisted of a personal computer (Pentium 90 Mhz) 
equipped with an A-D converter (Keithley DAS 810) which received trigger signals from the 
gas chromatograph and was used to send signals to the light source and the mass flow 
controller (Fig. 4). The light source was a slide projector equipped with a 250 W halogen 
lamp (Philips) and a set of neutral density filters (Balzers) to illuminate the cyanobacteria at 
given photon irradiances. The mass flow controller unit is described below.
The sample cell was made of an aluminum block of 10x10x2.5 cm, which can be temperature 
controlled by a cryostat water bath (Fig. 5). The aluminum was of 51ST quality which is 
essential for marine organisms or samples. In contact with seawater, low quality aluminum 
can catalyze the reduction of acetylene to ethylene, causing erroneous results (personal 
observations). The filter carrying the sample was placed in a chamber, milled out of the upper 
side of the aluminum block, just sufficient to hold a 47-mm glass fibre filter (Whatman GF/F).
Fig. 5. Temperature controlled flow through filter incubator. In this sampling cell the gas mixture 
flows over the cyanobacterial cells incubated on a wet glass fibre filter. The glass window at the top 
allows light to illuminate the filter. Nylon gas tube are connected to the gas mixing system and to a 6 ­
way injection valve allowing on-line sampling of the gas phase. Arrows indicate the gas flow.
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The filter was supported by a small-gauge stainless steel mesh, leaving sufficient space for 
growth medium to prevent desiccation of the sample. A glass window with a rubber O-ring 
formed a gas-tight seal to the cell. Between the filter and the glass window, a 1.5-2.5 mm 
space was left. The chamber was connected to the gas flow system, with its inlet to the mass 
flow controllers and the outlet to the sample loop on the gas chromatograph, or to the laser- 
based set-up. Cyanobacteria were distributed as a thin film on the glass fibre filter and 
introduced into the sampling cell.
The gas chromatograph was programmed to make an automatic injection via the sample loop 
every 4 min. The gas chromatograph sent a trigger signal via the SS420 AD-board to the 
chromatography analysis software (Shimadzu Class-Vp 4.1) and to the computer which 
controlled light and oxygen levels. This computer controlled the slide projector by switching 
it on or off and changing the neutral-density filters after every injection. This allowed 
automatic recording of light-response curves at photon irradiances increasing exponentially 
from 0-2000 ^mol m-2 s-1. Incident light on the filter was measured using a par light sensor 
(Licor Li 250 light meter with a Licor Quantum sensor). Similarly, it was possible to 
automatically vary the gas composition (e.g. the partial pressure of O2) in the chamber. The 
program used for the communication between computer, gas chromatograph, mass flow 
controller unit and slide projector was custom-made and written in the software package 
Testpoint (CEC).
The laser-based trace gas detector did not need an injection system. The gas flowed 
continuously through the detector in which ethylene was recorded as described previously 
(Zuckerman et al., 1997). In-stead of a trigger signal, the mass flow control unit and slide 
projector were changed at set time intervals.
Gas-mixing system
The gas-mixing system consisted of 3 electronic Brooks mass flow controllers (5850S) 
regulated by a control unit (Brooks 0152), which was connected to the remote computer. The 
3 mass flow controllers regulated the flows of the three gas mixtures: N2 (containing 400 ppm 
(v/v) CO2), O2 (containing 400 ppm (v/v) CO2) (both gases purchased from Hoek-Loos, 
Netherlands) and C2H2 (containing less than 200 ppb (v/v) C2H4) (Messer-Griesheim, 
Germany). The gas mixture was bubbled through water before entering the sample cell, in 
order to prevent desiccation of the sample. The CO2 in the N2 and O2 gas mixtures was added 
to prevent carbon depletion during the experiments. It is important to use acetylene that 
contains only trace amounts of ethylene because this background level mainly determines the 
detection limit of nitrogenase activity. Commercially available, high-pressure acetylene gas 
bottles contain acetone to dissolve the acetylene. During the use of such a bottle its pressure 
will drop, resulting in increasing amounts of acetone in the gas mixture (Hyman and Arp,
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1987). This can potentially cause problems or interference with the organisms. For this 
reason, the 10-liter acetylene gas cylinders were replaced after approximately 200-300 liters 
of acetylene were used.
For routine measurements, the gas mixture was composed of 10% acetylene, 70% nitrogen 
and 20% oxygen (v/v). For the recording of acetylene saturation curves, the amount of 
acetylene was varied and the balance was made-up with nitrogen. For the determination of 
oxygen dependence of nitrogenase activity, the concentration of oxygen was varied and again 
the balance made-up with nitrogen. The total flow rate when using the gas chromatograph was
1 l h"1, giving a dilution rate of 140 h'1. The flow rate for the laser-based set up was 2 l h '1; but 
due to the volume of the scrubbers (see below) the theoretical dilution rate was lower: 80 h"1.
time (dec. hours)
Figure 6 . Response of ethylene fluxes to changes of acetylene reduction rates in N. spumigena after 
changing the light intensities at t= 8.75, 8.83 and 8.91 (h). The ethylene response was measured 
using the laser-based set-up with a gas flow of 2.5 l h"1 containing 10% C2H4 (v/v).
Fig. 6  shows the response of the laser-based system as a ethylene concentration; it shows that 
steady state fluxes were reached within 1.5 minutes (gas flow 2.5 l h-1). Response curves such
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as the one in Fig. 6  were fitted with an equation describing the dilution process after a change 
in ethylene production in the sampling cuvette (Zuckermann et al., 1997):
Pt = P (1 - e-tD) + P0 e-tD for t> 0  3)
Here P is the rate of ethylene production (nl h-1). P0, Pt and P are the production rates at time 
zero, at time t and at new steady value, respectively. D is the dilution rate and t is time. The 
dilution rates derived from fitting different response curves varied between 50 and 60 h-1 
whereas the actual value should have been 80 h-1, indicating a small delay effect due to 
exchange between filter and gas phase.
The laser-based system contained only a few modifications from the system described 
previously (Zuckermann et al., 1997). Because of spectroscopical interference with the 
ethylene detection system by acetone, CO2 and water, each of these compounds must be 
removed. A scrubber placed before the sample cell removed acetone by passing the gas 
through flowing water. Before entering the photoacoustic cell CO2 was removed by passing 
the gas over wet pellets of KOH and the gas was subsequently dried by passage over 
granulated CaCl2 .
Organism
The heterocystous cyanobacterium Nodularia spumigena strain SN15A was obtained from 
Dr. Paul Hayes, Bristol University, UK. The strain was isolated from the Baltic Sea. N. 
spumigena was grown in a mixture of 1 part ASN3o and 2 parts BG11o media (Rippka et al., 
1979). The salinity of this medium was about 9 %% and corresponded to the salinity of the 
water from which N. spumigena was isolated. The medium did not contain a source of 
combined nitrogen. The organism was grown in batch culture in 250 ml Erlenmeyer flasks 
containing 100 ml of medium. The cultures were incubated at 20oC and continuous 
illumination at an incident photon irradiance of 40 ^mol m-2 s-1 in an orbital shaking 
illuminated incubator (Gallenkamp) at 120 rpm. For the experiments, exponentially growing 
cultures were used.
Measurement o f nitrogenase activity 
On-line incubation
N. spumigena was filtered on a 47 mm GF/F glass fibre filter which was placed in the 
sampling cell (Fig. 2). The filter was supported by a stainless steel metal mesh, in contact with
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a reservoir containing 2  ml of growth medium, which prevented the system from dehydration. 
The amount of biomass was low enough to prevent self-shading. The filter contained 
approximately 5-50 ng chlorophyll a when the GC set-up was used, and 0.5-5 ng chlorophyll 
a when the laser-based system was used. Both ranges of chlorophyll a were sufficient to 
detect even low nitrogenase activities. The chlorophyll-normalized acetylene reduction rates 
varied between 0.5 and 25 nmol mg-1 h-1. The incubation did not influence nitrogenase 
activity in cultures grown under continuous light, even after long incubation times (> 3 hours). 
Nitrogenase activity tended to change as a result of growth, internal rhythms or energy 
depletion only after very long incubations, such as 24 hours.
Batch incubation
Two different incubations were carried out. In one series of experiments, N. spumigena was 
filtered on 25 mm GF/F glass fibre filters. The amount of biomass filtered was proportional to 
that used for on-line incubation, and amounted to 2-3 ng chlorophyll a . Due to the higher 
sensitivity of the batch ARA, smaller amount of biomass can be used to obtain the same 
detection limit for nitrogenase activity as in the on-line method. The wet filters were placed 
into 5-ml crimp-top glass vials (Chrompack). In the second type of batch incubation, 1 ml of 
liquid culture was placed into the vials. The culture was diluted with growth medium such that 
the amount of biomass used for an assay was exactly the same as in the other incubations. The 
vials were then closed using Teflon-coated crimp-top seals. Subsequently the vials were 
flushed for 4 min at 5 l h-1 with a gas mixture comprising (v/v) 10% C2H2, 70% N2 and 20%
O2 (the N2 and O2 contained 400 ppm CO2). The gas mixture was prepared using the mass 
flow controllers. The vials were incubated at 20oC. Illumination was provided by a slide 
projector with a 250 W halogen lamp. Different light intensities were obtained by wrapping 
the vials in neutral density film (Lee film) and by placing the vials at different distances from 
the light source. At 40-50 minutes time intervals gas samples were taken for a period of 140­
145 minutes, using a 100 |il gas-tight syringe (Hamilton) and injected manually in the gas 
chromatograph.
Measurement o f chlorophyll a
Samples for chlorophyll determination were filtered on GF/F glass fibre filters (Whatman), or 
in case of the on-line measurement of nitrogenase activity, the filter in the sample cell was 
used directly. The filters were immediately frozen at -80oC and subsequently lyophilized. The 
freeze-dried samples were stored at -80oC until analyzed. The samples were extracted with 
90% acetone for 1 h in a sonication water bath (Bramsonic 52), filled with ice water. The 
extracts were analyzed by HPLC equipped with a fluorescence detector (excitation 430 nm, 
emission 665, Waters model 474). Pigments were separated using a reverse phase C18
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column (Nova Pak C18, 150 X 3.9 mm, Waters) protected by a guard column filled with 
bondapak C18 placed in front. The mobile phase was 85/15 acetone/milliQ (solvent A) and 
100% acetone (solvent B) running at a flow rate of 1.1 ml min-1. Pigments were separated by 
running 75% A / 25% B at t = 0 - 5 min followed by a gradient to 35% A / 65% B at t = 5.5 -
7 min. A cooled automatic sample injector (Waters model 717) was used for injections and 
calibration standards for chlorophyll a were run every 20 injections. Peak analysis was carried 
out with the software package Millenium 3.2.
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C o m p a r is o n  o f  m o d e l s  d e s c r ib in g  l i g h t - d e p e n d e n c e  o f  N 2
FIXATION IN HETEROCYSTOUS CYANOBACTERIA
M arc Staal, Sacco te Lintel Hekkert, Peter Herman and Lucas J. Stal
Abstract
The ability of four models to describe nitrogenase-light response curves were 
compared, using the heterocystous cyanobacterium Nodularia spumigena and a 
cyanobacterial bloom from the Baltic Sea as examples. All tested models gave a 
good fit of the data and the rectangular hyperbola model is recommended for 
fitting nitrogenase-light response curves. This model describes an enzymatic 
process, while the others are empirical. It was possible to convert the process 
parameters between the four models and compare N2 fixation with 
photosynthesis. The physiological meaning of the process parameters is discussed 
and compared to those of photosynthesis.
Published in Applied and Environmental Microbiology (2002) 6 8  (9): 4679-4683
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Cyanobacteria are oxygenic photoautotrophic microorganisms and many species are 
capable of diazotrophic growth, i.e. possess the ability to fix N2 (Fay 1992). This 
property allows such organisms to form dense water blooms in N-depleted aquatic 
environments. Freshwater and brackish environments often develop blooms of 
heterocystous cyanobacteria (Paerl 1988). The heterocyst is a differentiated cell that is 
the site of N2 fixation in these organisms. It is devoid of the oxygenic photosystem II 
and the anoxic interior of the heterocyst provides an environment in which the 
oxygen-sensitive nitrogenase is protected (Walsby 1985).
Because N2 fixation in heterocystous cyanobacteria is partly dependent on light, light- 
response curves have been recorded in a manner similar to those done for 
photosynthesis (Staal et al. 2001). N2 fixation in cyanobacteria is often measured 
either at ambient light or at a fixed light intensity in the laboratory considered to be 
‘saturating’, i.e. resulting in the maximum nitrogenase activity. In the former case, it 
is assumed that the measured nitrogenase activity represents the actual activity of the 
organisms in their natural environment. However, it would be more informative to 
measure potential N2 fixation rates at different irradiances that are not influenced by 
ambient light fluctuations. The mathematical formulation of the nitrogenase vs. 
irradiance curve then can be used for the calculation of the actual rate of N2 fixation at 
any incident irradiance. Hence, it would be possible to calculate daily and water 
column-integrated rates of N2 fixation (Stal and Walsby 2000). Measurement and 
fitting of a light response curve of nitrogenase activity not only provide the actual rate 
of N2 fixation at a given irradiance (Stal and Walsby 1998), but also give a variety of 
physiological parameters, e.g. light affinity coefficient, light saturation coefficient, 
maximum nitrogenase activity and dark nitrogenase activity. These parameters can 
give information about the physiological status of the organism as well as its 
adaptation to different light regimens, in this case with respect to N2 fixation.
In photosynthesis research, the models of Webb et al. (Webb et al. 1974) and of 
Jassby and Platt (Jassby and Platt 1976) have been most commonly used. Both models 
describe the photosynthesis vs. irradiance curves rather well, but since they yield 
different values of photosynthesis parameters, the results cannot readily be compared. 
These models have also been applied to fit nitrogenase vs. irradiance curves (Hood et 
al. 2001a, Stal and Walsby 1998, Stal and Walsby 2000, Zuckermann et al. 1997) in 
order to calculate daily integrals of N2 fixation, which were then compared with daily 
integrals of photosynthesis (Hood et al. 2001a,Stal and Walsby 1998, Stal and Walsby
2000). The Webb model has been modified to account for inhibition of nitrogenase 
activity at high irradiances by including an inhibition term P (Stal and Walsby 2000). 
However, it was subsequently demonstrated that in heterocystous cyanobacteria, 
inhibition of nitrogenase activity at high irradiances was an incubation artifact and
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therefore no such term was needed when measurements were carried out in the right 
way (Staal et al. 2001).
In this study we tested the fit results of four different models for N2 fixation versus 
irradiance curves. The curves were recorded from laboratory cultures of Nodularia 
spumigena, a heterocystous cyanobacterium isolated from the Baltic Sea and from 
natural populations of heterocystous cyanobacteria, directly collected from that sea. 
The aim of this study was to arrive at a recommendation for a model that fits N2 
fixation vs. irradiance curves best and to propose a nomenclature of the parameters 
derived from these curves and to discuss their meaning in a physiological sense. 
Measurements of 40 nitrogenase activity vs. irradiance curves of natural populations 
of N2-fixing cyanobacteria were carried out during a cruise on the Baltic Sea, 14-29 
June 1999, on board of the RV Valdivia. Samples were collected with a 100-^m-pore 
-size plankton net, towed vertically through the upper 0  to 1 0  m water column and 
filtered on a GF-F glass fiber filter (Whatman, diameter 47 mm). The filters were 
incubated at seawater temperature (depending on location 1 2 - 1 5  oC) in a 
temperature-controlled incubator for on-line measurements of N2 fixation (Staal et al.
2001). The phytoplankton in the samples was dominated by the N2-fixing, 
heterocystous cyanobacteria Aphanizomenon sp. and N. spumigena.
A culture of N. spumigena isolated from the Baltic Sea was obtained from Dr. P.K. 
Hayes (Bristol University, UK). The organism was grown in a mixture of 1 part of 
artificial seawater medium (ASN3o) and 2 parts of freshwater medium (BG11o) 
(Rippka and Stanier 1978). The medium did not contain a source of combined 
nitrogen. Batch cultures were grown at 20oC and continuous light (incident photon 
irradiance 40 p,mol m-2 s-1) in 250 ml Erlenmeyer flasks, containing 100 ml of 
medium, incubated in an orbital-shaking incubator (Sanyo Gallenkamp, UK) at 120 
rpm. Nineteen light response curves were recorded from samples taken from 
exponentially growing cultures.
Nitrogenase activity was measured by the acetylene reduction assay, using an on-line 
technique (Staal et al. 2001). The gas flow through the incubator was 1 liter h-1 and 
consisted of 0.036% CO2, 10% C2H2, 20% O2, and 70% N2. When anaerobic 
conditions were required, O2 was omitted and N2 was increased to 90%. Ethylene was 
measured using a gas chromatograph (Shimadzu GC-14A), equipped with a flame- 
ionization detector (FID) and a 1-ml stainless steel sample loop. The temperatures of 
injector, detector and oven were set at 90, 120 and 55oC, respectively. The carrier gas 
used was He (highest purity available) at a flow rate of 10 ml min-1. The supply of H2 
and air for the FID were 30 and 300 ml min-1, respectively. The column used was a 
25-m long wide-bore silica fused (0.53 mm i.d.) packed with Porapak U (Varian- 
Chrompack, the Netherlands).
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The gas chromatograph was programmed to automatically inject every 4 min via the 
sample loop. After injection, the gas chromatograph sent a signal to a personal 
computer that triggered the change of a neutral density filter in a slide projector 
(Leica, 250W), resulting in a change of irradiance in the measuring cell. A set of 10 
neutral density filters (Balzers, Belgium) was used, with sufficient high attenuation to 
obtain good resolution at the low irradiance levels. This allowed automatic recording 
of light-response curves, increasing the photon irradiance exponentially from 0  -  1600 
p,mol m-2 s-1. Light-response curves were always preceded by 3 dark injections at the 
start of the experiment. The light-response curve was recorded running from low to 
high irradiance. The total recording time of a light-response curve took 56 min. 
Photosynthetically active radiation (PAR) was measured by a Li-Cor quantum sensor 
(LiCor 250), put in place of the measuring cell and covered by the glass window of 
the incubation cell.
After measuring N2 fixation rates, the filters containing the samples were lyophilized 
and subsequently stored at -80 oC until analysis. Chlorophyll a was extracted with 
90% acetone in the dark and subsequently analyzed by HPLC (Staal et al. 2001).
Light response curves were fitted using four different models originating from 
photosynthesis research (Table 1). The respiration term Rd was replaced by Nd, 
denoting dark nitrogenase activity. The parameter Pm was replaced by Nm, indicating 
the maximum nitrogenase activity in the light, minus Nd. The light affinity coefficient 
a is the derivative of the curve at irradiances approaching zero. Models 1 and 2 were 
both derived from the Michaelis-Menten equation for enzyme kinetics. In model 1, Ik 
stands for the light saturation coefficient, which equals Nm/a, and replaces Km, a 
measure for the substrate affinity of an enzyme. Model 2 is the same as model 1 
except that the two terms in the denominator are squared and the square root of the 
whole denominator is taken. Models 3 and 4 represent, respectively, the linear and 
quadratic approximation of the model that describes the rate of change of nitrogenase 
activity vs. irradiance as a function of nitrogenase activity (Chalker 1980). In this 
study, the models did not include a term to describe photoinhibition of nitrogenase 
because this was not observed. In order to derive the total maximum nitrogenase 
activity, Nd must be added to Nm, resulting in the parameter Ntot.
Fitting of the different models to the measured light response curves was done with 
Microcal Origin 6.0 (Microcal Software Inc.) by nonlinear least-squares fitting using 
the Levenberg-Marquardt algorithm. The program estimates the parameters and their 
errors as well as the r2 value. The latter was used as an indicator of fit quality of the 
fitted line through the measured points.
Nitrogenase activity versus irradiance curves showed a similar response to light as 
photosynthesis (Fig. 1) except that N 2 fixation also takes place in the dark and hence a
52
Table 1. Equations of the four models used to describe the nitrogenase vs. irradiance relationship, their dimensionless NIk/N m ratio's and the 
average N2 fixation coefficients at 20% 0 2 from cultured Noclularia spumigenct estimated by the different models. The N2 fixation coefficients 
(means±standard deviation; n=19) at 20% 0 2 are given: N d ( |imol C2H4 mg Chi cr1 h"1) is the nitrogenase activity measured in the dark, N m (
|imol C2H4 mg Chi a'1 h"1) is the nitrogenase activity at saturating irradiances minus N d, and a  (|imol C2H4 mg Chi cr1 h"1 (|imol photons m"2 s"1)"1) 
is the light affinity coefficient for nitrogenase activity. I1/2 is the irradiance at which 0.5 of the maximum nitrogenase activity is obtained and Ik is 
the light saturation parameter. Note that these parameters are equal in model 1. Values of Ik and a  obtained from one model can be conversed to 
the models assuming N m to be estimated approximately equal for all models. The quality of the fit is given by r2. Standard deviations are given for 
all different parameters, and result from differences in chlorophyll-normalized nitrogenase activity. The average errors from the fit of the light 
response curve were respectively 6%, 7% and 22% of the estimated values for the parameters Nd, Nm and a. The models are described in Baly 
1935 (model 1), Tailing 1957 (model 2), Webb et al. 1974 (model 3) and Jassby and Platt 1976 (model 4).
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positive term, Nd, had to be included, while respiration in a photosynthesis curve 
results in an O2 uptake in the dark (Rd). Fitting nitrogenase versus light response 
curves (at 20% O2) with the rectangular hyperbola (Model 1, Table 1) gave a dark 
activity representing 34 ± 9.8 % (n=40) and 43 ± 11.6 % (n=19) of the total maximum 
activity measured at saturating light in natural field populations and laboratory 
cultures of N. spumigena, respectively.
light (^mol photons m-2 s-1)
Fig. 1. Photosynthesis (O2 evolution) (A) and nitrogenase acetylene reduction (ARA) (B) 
light response curves for Nodularia spumigena. Both curves were fitted with the model 
proposed by Webb et al (1974). The parameters fitted by this model are indicated (Pm or 
Nm, Rd or Nd and a) as well as the parameters Ik and Ntot.
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The shape of the fitted light-response curve differed slightly, depending on the model 
used (Fig. 2). When r2 for the whole curve was taken as a measure for the quality of 
the fit (Table 1), the differences that were found between the models were not 
significant (analysis of variance [ANOVA]: P>0.05).
All models estimated the parameters Nm, Nd and a. The fit results between the 
different models did not result in different values for dark nitrogenase activity and, 
hence, the value of Nd was estimated independent of the models used. The models 
also estimated approximately the same Nm, with the exception of the rectangular 
hyperbola that gave a consequent higher value for this parameter. Nevertheless, Nm 
values estimated by the models were not significantly different (analysis of variance 
[ANOVA]: P>0.05). The models gave significant different values for a  (analysis of 
variance [ANOVA]: P>0.05) (Table 1), which were consistent for all measured curves 
and were related to the shapes of the modeled curves. The ratio of the nitrogenase 
activity at irradiance Ik and Nm (NIk/Nm) was taken as an indicator for the shape of the 
curve.
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Fig. 2. The fit results of the four different models, given in Table 1, to a measured light response curve of 
nitrogenase activity (acetylene reduction assay, [ARA]).
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There was a good correlation between the model used (expressed as NIk/Nmax) and the 
estimated value of Ik (fitted with linear regression; r2 = 0.99, n=4, P<0.01) (Fig. 3A) 
and with a  (fitted with the inverse of a linear regression 1/(ax+b); r2 = 0.99, n=4, 
P<0.01) (Fig. 3B). It was therefore possible to convert Ik and a  values between 
models. In order to quantify the relationship between the model and the parameters a  
and Ik it was assumed that the different models fitted the points equally well and 
therefore should give approximately the same values for Nd and Nm.
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Fig. 3. The average Ik (open circles, A) and a (open triangles, B) values from batch cultures of 
Nodularia spumigena (n=19) as well as the conversion factors (left axis) for Ik (closed square, A) and a 
(closed triangles, B) (Table 1) plotted against the theoretical NIk/Nm. This ratio is used to specify the 
different models for fitting the nitrogenase light response curves (acetylene eduction assay, ARA).
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Because of similarity of fit quality for the different models, it was also assumed that 
the light intensity at which the light-dependent part of nitrogenase activity reached 0.5 
Nm (Iy2) was equal for all models. The relationship of I¡/2 to Ik than can be derived for 
each model (Table 1) resulting in factors allowing the conversion of Ik values derived 
from one model to the Ik value of any of the other models. When Ik and a  values from 
one model were conversed to another, they differed by less than 15% from the values 
derived obtained directly using the fit routine of that model. The similarity in trend 
between the average fitted a  and Ik values vs NIk/Nm compared to the calculated 
conversion factors is striking, underscoring that our assumptions were correct(Fig. 3). 
This is not the case for photosynthesis versus irradiance curves (Henley 1993). 
However, now that we have shown that the a  and Ik values found for N2 fixation can 
be converted to the model used for fitting the photosynthesis curves, both processes 
can be compared.
Mathematically, the photosynthesis parameters Pm, Rd, Ik, and a  equal respectively 
Nm, Nd, Ik, and a  for N2 fixation. However, the physiological meaning of these 
parameters is not the same. Pm represents the maximum attainable gross rate of 
photosynthesis at saturating light. Net photosynthesis equals Pm + Rd (Rd is negative), 
but it should be taken into account that Rd (dark respiration) might differ with 
irradiance. It is important to note that respiration in the heterocyst continues in the 
light in order to keep the O2 levels low within the heterocyst and that therefore Nd 
must be subtracted from the measured nitrogenase activity in the light in order to 
obtain the activity that is supported by light-mediated ATP generation. Hence, the 
sum of Nm + Nd, which we denote as Ntot, represents the maximum attainable rate of 
N2 fixation. In photosynthesis a  and Ik are parameters that mainly give information on 
the number and size of the photosynthetic reaction centers, while in nitrogenase 
activity these parameters are also influenced by the ATP demand of nitrogenase, e.g. 
the amount of active nitrogenase complexes and the availability of the other substrates 
of this complex. The parameters a  and Ik are sometimes used as indicators of photo­
acclimation in photosynthesis, in which a lower Ik or a higher a  indicate acclimation 
to lower growth irradiances (Henley 1993). The same appears to be true for N2 
fixation (Gallon et al. 2002)
The great advantage of Ik is that it is independent of the units used to express N2 
fixation or photosynthesis. It can therefore be used for comparison of light 
acclimation of both processes. It does not make a difference which technique was 
used for determining the light response curves for N2 fixation (e.g. 15N2 fixation or 
C2H2 reduction) or how the activities are expressed (e.g. as protein, chlorophyll, 
carbon, cell number etc.), as long as the same model is used to derive the parameters. 
The same is true for the ratio Nm/Nd and Ntot/Nd. This is convenient, because N2
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fixation rates are usually expressed as biomass, which includes vegetative cells that do 
not fix N2. Hence, biomass independent parameters of N2 fixation are superior when 
describing physiological processes in the heterocyst.
Henley (1993) concluded that the models of Jassby and Platt (1976) or Webb et al. 
(1974) give the best fit of photosynthesis versus irradiance curves. While the fit 
quality of the different models for nitrogenase versus irradiance curves is equal, we 
propose to use the rectangular hyperbola. The rational for this choice is that the 
rectangular hyperbola originates from enzyme kinetics, while the other models are 
empirical. Nitrogenase-versus-irradiance curves represent in fact the activity of the 
enzyme in dependence of its limiting substrate (ATP), which is described by the 
Michaelis-Menten model. Because we assume a linear relationship for ATP 
production per photon, light response curves as shown here can be regarded as ATP 
production vs. enzyme activity.
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Fig. 4. Two theoretical nitrogenase activity vs irradiance curves (acetylene reduction assay, ARA) 
generated with a Michaelis Menten equation. The curve of open triangles is the curve under anoxic 
conditions when only light-mediated ATP generation occurs. The curve with the closed circles 
represents the situation that ATP originates both from oxidative- phosphorylation and from photo­
phosphorylation (respiration and photosynthesis). The parameters Nm, Nd and a  were fitted by the 
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Under dark anaerobic incubation conditions, no ATP would be generated and hence 
nitrogenase activity would be zero (Nd = 0). When light response curves of 
nitrogenase activity were measured at air saturation levels of O2, respiration provided 
considerable amounts of ATP covering a significant part of the demand of nitrogenase 
(34% and 43% for respectively natural communities and cultured N. spumigena, see 
above). The ratio Nd : Ntot determines where the light dependent part of the curve 
starts and this influences in part the tangent of the curve (a)(Fig. 4). Other factors 
that influence the tangent are the amount of nitrogenase and the quantum efficiency. It 
is unlikely that these factors change during the recording of the light-response curve. 
The kinetics of nitrogenase with respect to its limiting substrate ATP is independent 
of the way ATP is generated (oxidative- or photo-phosphorylation), which means that 
the affinity of nitrogenase (Ik) (equals Km in Michaelis Menten enzyme kinetics) will 
not change, as long as other substrates for nitrogenase (i.e. reducing equivalents) 
remain in excess at saturating ATP levels. Theoretically, Ik does not change when Nd 
changes as long as Ntot remains constant (Fig 4). This was tested experimentally by 
removing O2 from the gas flow after the light response curves were finished in the N. 
spumigena incubations. Thereafter the light response curves were repeated under 
anaerobic conditions, which resulted in Nd = 0 without affecting Ntot (Ntot changed 
mostly less than 10%). However, Nm and a  increased with decreasing respiratory ATP 
production (decreasing O2). These observations agree with the predictions and 
indicated that the assumptions made were valid. Hence, when Ik and Ntot do not 
change in response to variation of O2, the conclusion must be that at saturating 
irradiances, nitrogenase activity is not limited by any of its substrates (ATP or 
reducing equivalents). Interestingly, when field samples were incubated under 
decreased O2 levels, changes in Ik and Ntot were frequently observed. In these cases, 
probably another substrate was limiting for nitrogenase under saturating irradiances. 
Hence, a combination of light response curves at different oxygen concentrations give 
important information on the physiological condition of the N2-fixing cyanobacteria 
in the environment.
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L ig h t  a c t io n  s p e c t r a  o f  N 2 f ix a t io n  b y  h e t e r o c y s t o u s
CYANOBACTERIA FROM THE BALTIC SEA1
Marc Staal, Sacco te Lintel Hekkert, Frans J.M. Harren and Lucas J. Stal
Abstract
An on-line Laser Photo-Acoustic trace gas detection (LPA) system in 
combination with a stepper motor-controlled monochromator was used to record 
semi-continuous light action spectra of nitrogenase activity in heterocystous 
cyanobacteria. Action spectra were made of cultures of Nodularia spumigena, 
Aphanizomenon flos-aquae and Anabaena sp., and from field samples of a 
cyanobacterial bloom in the Baltic Sea. Nitrogenase activity was stimulated by 
monochromatic light coinciding the red and blue peaks of chlorophyll a, the 
phycobiliproteins phycocyanin (allophycocyanin) and phycoerythrin, and several 
carotenoids. Because nitrogenase is confined to the heterocyst, it was concluded 
that all photo-pigments must have been present in these cells, that they were 
involved in light harvesting and photosynthesis, and supplied the energy for N2 
fixation. The species investigated showed marked differences in their nitrogenase 
action spectra, which might be related to their specific niches as well as to their 
success in cyanobacterial blooms. Moreover, light action spectra of nitrogenase 
activity shifted during the daytime, probably as the result of changes in the 
phycobiliprotein content of the heterocyst relative to chlorophyll a. Action 
spectra of nitrogenase and changes in pigment composition are essential for the 
understanding of the competitive abilities of species as well as for the estimation 
of N2 fixation by a bloom of heterocystous cyanobacteria.
In press in Journal o f Phycology (2003)
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Introduction
Cyanobacteria are oxygenic photoautotrophic prokaryotes comprising many species 
that are capable of N2 fixation. Heterocystous cyanobacteria are particularly well 
adapted for diazotrophic growth, because they have confined the O2-sensitive 
nitrogenase to special cells in which N2 fixation is supported by photosystem I- 
mediated ATP generation and ferredoxin reduction (Wolk et al. 1994). However, the 
reducing equivalents necessary for N2 fixation needs to be imported as carbohydrate 
from vegetative cells (Böhme 1998, Curatti et al. 2002) because photosystem 2 is 
absent. Carbohydrates also fuel respiration, which is necessary to maintain virtually 
anoxic conditions in the heterocyst, necessary to protect nitrogenase. In addition, 
respiration also generates ATP and therefore covers partly the energy demand of 
nitrogenase in the light, while it is the only source of energy in the dark (Ernst et al. 
1984a, Staal et al. 2002). In the dark and at non-saturating light, N2 fixation is limited 
by ATP, while at saturating light the activity of nitrogenase is determined by the 
import of reducing equivalents or the potential activity of the enzyme (Staal et al. 
2002).
Cyanobacteria are exposed to diurnal fluctuations of light and experience differences 
in irradiance when mixed in the water column. Light is not simply attenuated with the 
depth of water columns, but also its spectral quality is subject to changes. Changes in 
spectral quality depend on the absorption spectra of the suspended particles within the 
water column and on absorption of water itself as well as the angle at which light 
impinges the water surface. Therefore the remaining light, available to the populations 
at greater depth is of a different spectral quality compared to the surface. Because N2 
fixation partly depends on photosynthetic activity, it is crucial to know which 
pigments play part in the light stimulation of nitrogenase activity in heterocysts. This 
determines the organism’s ecological success and affects the estimate of N2 fixed by 
natural populations of heterocystous cyanobacteria. However, very little is known of 
the pigment composition of heterocysts and of the light action spectra for nitrogenase 
activity in cyanobacteria.
In summer, blooms of N2-fixing cyanobacteria develop in the Baltic Sea. These 
blooms are composed of filamentous, heterocystous species: Nodularia spumigena, 
Aphanizomenon flos-aquae, and to a lesser extend Anabaena sp. These species all 
contain gas vesicles that provide them with buoyancy and they usually form colonies
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or aggregates (Walsby et al. 1997), although Anabaena sp. is mostly encountered as 
single trichomes. The cyanobacteria in the Baltic Sea live in a dynamic environment 
and are subject to large changes in irradiation. This obviously affects N2 fixation, but 
hitherto little attention has been paid to this problem.
The aim of this investigation was to measure light action spectra of nitrogenase 
activity in three cultured heterocystous cyanobacteria that are dominant in the Baltic 
Sea during cyanobacterial blooms, and in a natural sample. This is the first time that 
high-resolution light action spectra were recorded for nitrogenase activity in 
cyanobacteria. This was possible because of the application of a monochromator in 
combination with an on-line, near real-time method for assaying nitrogenase activity 
by the acetylene reduction technique. The results allowed conclusions about the 
presence of various photo-pigments in the heterocysts and their involvement in light 
harvesting to cover the energy-demand of N2 fixation. The action spectra of 
nitrogenase revealed species-specific differences and were also variable during a 
diurnal cycle.
Material and Methods
Field samples
The measurements on field samples were done on samples taken from the Gotland 
Deep in the central Baltic Proper during a cruise on the Baltic Sea at the end of June 
1999 on board of RV ‘Valdivia’. The daylight period lasted for approximately 20 h 
during that cuise. During sampling, the weather was calm and the water column was 
stratified with the thermocline at a depth of 16 m. Samples were taken from the upper 
mixed water column by vertical hauls of a plankton net (100 ^m mesh size). 
Heterocystous cyanobacteria dominated the phytoplankton in the >100 ^m size 
fraction. Microscopic observations revealed that Nodularia spumigena and 
Aphanizomenon flos-aquae accounted for approximately 60% and 40%, respectively. 
Anabaena sp. was present in minor numbers (<2%). The ship followed a drifting buoy 
connected to a water anchor at the sampling station, assuring sampling in the same 
water body.
Within 15 min after collection, 2-5 ml of sample was filtered on GF/F glass fiber 
filters (0  47 mm), rendering 2-5 ng of chlorophyll a. Filters were placed in the 
sample cell of the on-line acetylene reduction incubator (see Staal et al. 2001) and
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measurements started in less than 30 min after sampling. Incubations were done at the 
in situ seawater temperature (14o C).
Laboratory cultures
Unialgal strains of Aphanizomenon flos-aquae (strain BS15), Nodularia spumigena 
(strain BS19) and Anabaena sp. (strain BS18) were isolated from a bloom in the 
Gotland Deep, Baltic Sea (Culture Collection Department of Marine Microbiology, 
NIOO-KNAW)1. Isolation was done in artificial seawater made from one part ASN3 
and two parts BG11 medium devoid of a source of combined nitrogen (Rippka et al. 
1979). The salinity of this medium was ~9, corresponding to the location of sampling. 
The cultured organisms were grown in 250 ml Erlenmeyers, containing 100 ml of 
growth medium, which were placed in an orbital shaking (120 rpm), illuminated 
incubator (Gallenkamp) at 20oC and at an alternating light-dark cycle of 14:10 hours. 
Fluorescent tubes (Sylvania, standard F30W/129, warm white) provided light at an 
incident photon irradiance of 60 ^mol m-2 s-1. Cultures were grown under this regime 
for five days before experiments were carried out. The cultures of N. spumigena that 
were used for monochromatic light-response curves were grown under continuous 
light. Only exponentially growing cultures were used.
Acetylene reduction
Nitrogenase activity was assayed using the acetylene reduction method (Hardy et al. 
1968). For this purpose, we used the on-line, flow-through acetylene reduction 
technique as described by Staal et al. (2001) with a gas mixture composed of 20% O2, 
70% N2, 10% C2H2 and 0.04% CO2. Ethylene was detected at high sensitivity by 
using a laser-based trace gas detector (Laser Photo-Acoustics, LPA, Life Science 
Trace Gas Exchange Facility: http://www.sci.kun.nl/tracegasfac) (te Lintel Hekkert et 
al. 1998). The on-line set-up combined with LPA detection of ethylene allowed 
continuous, near real-time, measurements of nitrogenase activity. For use on board of 
the research vessel, a mobile version of the LPA was constructed. The detection limit 
of ethylene was 0.2-0.5 ppb during calm weather and increased to 0.5-2 ppb in rough 
weather (> 5 Beaufort). The sensitivity of the laboratory-based LPA was 0.01-0.25 
ppb, depending on the amount of interfering gasses.
Light-response curves
1 Meanwhile, the culture of Aphanizomenon flos-aquae has been lost.
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Light-response curves of nitrogenase activity for different wavelengths of 
monochromatic light were recorded in the laboratory using a monochromator (grating 
675 grooves mm-1, Bausch and Lomb), placed between a Xenon lamp (Oriel) and the 
incubation cell. Different light intensities were obtained by placing neutral density 
filters (Balzers) on top of the glass window of the cell. The monochromator had a 
Gaussian shaped transmission curve with 12-nm bandwidth. Depending on the 
wavelength applied, the maximum obtainable monochromatic photon irradiances 
varied from 20 -  25 nmol m-2 s-1.
Action spectra
Light action spectra of nitrogenase activity were obtained by running the 
monochromator using a stepper motor. The light source on board of the ship was a 
slide projector, equipped with a 250 W halogen lamp and in the laboratory a Xenon 
lamp (Oriel) was used. The action spectra always started at 400 nm and ended at 720 
nm. The step size was 0.2 nm and a semi-continuous spectrum scan was run at a speed 
of 8 nm min-1. The resolution achieved with this step size and wavelength width was 
sufficient to distinguish between the three major pigment classes that were present in 
the heterocysts.
Light action spectra were recorded at non-saturating photon irradiances with a 
maximum of 12 nmol m-2 s-1 of monochromatic light, which varied with the 
wavelength. These low levels allowed linear normalization for differences in 
irradiance, i.e. by dividing nitrogenase activity by the photon irradiance at each 
wavelength.
The relative contribution of the individual pigment classes to nitrogenase activity was 
estimated with a curve-fitting routine using the absorption spectra of the pigments 
found in the three species of cyanobacteria. The resolution of these spectra was 3 -  
3.5 nm, and equaled to the resolution of the nitrogenase action spectra, which was the 
result of the 24 s sampling interval by LPA and the stepper motor speed (8 nm min-1). 
The absorption spectra of the acetone-extractable pigments were retrieved from the 
photodiode array detector of the HPLC. Attempts to derive pure phycobiliproteins 
from the cultures of Anabaena sp., A. flos-aquae, and N. spumigena failed. Therefore, 
solutions of almost pure phycoerythrin and phycocyanin were obtained from cultures 
of respectively Pseudoanabeana sp. (strain BS11) and Synechococcus sp. (strain 
BS12) (Isolated from the Baltic Sea, Culture Collection Department of Marine 
Microbiology, NIOO-KNAW). Absorption spectra of these pigments were run on a
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spectrophotometer (Pharmacia ultraspec 400) and corrected for the solvent. The 
pigment spectra were fed into a spreadsheet and multiplied by a variable parameter in 
the wavelength ranges 450-700 nm. The multiplied spectra were summed and 
compared to the measured N2 fixation action spectrum. In order to find the smallest 
difference between the sum of the absorbances at each wavelength and the measured 
nitrogenase activity at that wavelength, parameters were varied automatically, using 
the solver function of Microsoft Excel. The sum of the spectra matched the 
nitrogenase action spectrum very well. The parameters found by this method were 
assumed to represent the relative contribution of the different pigments to the light- 
dependent nitrogenase activity and were used for monitoring changes in the pigment 
composition in the heterocyst during the light period.
Light measurements
Light was measured with a PAR light sensor (Licor 250) placed in the light spot 
generated by the monochromator. The PAR sensor is linear and measures photon 
irradiance in the spectral range of 400-690 nm. Calibration of the monochromator and 
the sensitivity of the PAR sensor for monochromatic light were carried out using a 
spectroradiometer (Macam, SR 9910-PC).
Pigments
In vivo absorption spectra were measured with a double beam spectrophotometer 
(UVIKON 940) with filter paper placed behind the quartz cuvettes to correct for back 
scattering (Shibata et al. 1954). The filters used for the assay of nitrogenase activity 
were also used for the determination of chlorophyll a. Filters were lyophilized and 
frozen at -80oC until analysis. During the cruise filters were stored at -20oC and after 
return in the laboratory lyophilized and stored at -80oC.
The lyophilized filters were extracted for 1 h by 90% acetone on ice in an ultrasonic 
water bath. The extracts were analyzed by HPLC (Waters, 2690) equipped with 
photodiode detector (Waters, 996). Pigments were separated using a reverse phase 
C18 column (Nova Pak C18, 150 x 3.9 mm, Waters) and a guard column packed with 
Bondapak C18. The mobile phase was 85:15 acetone:milliQ water (solvent A) and 
100% acetone (solvent B), running at a flow rate of 1.1 ml min-1. Pigments were 
separated running a gradient of 75:25 A:B at t = 0 -  5 min and 35:65 A:B at t = 5.5 -  
7 min. Samples were injected automatically using a cooled auto sampler. Calibration 
runs for chlorophyll a were done after every 20 injections. Analysis of the 
chromatogram was carried out using the software package Millennium 3.2.
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Results
Light action spectra o f nitrogenase
Light action spectra of nitrogenase activity were recorded from cultures of the 
heterocystous cyanobacteria Aphanizomenon flos-aquae, Nodularia spumigena and 
Anabaena sp. that were isolated from a cyanobacterial bloom in the Baltic Sea, and 
from a natural sample taken from this bloom (Fig. 1a -  d). These spectra revealed 
maxima at 665 -  68G and 43 G -  445 nm, matching respectively the red and blue 
absorption peaks of chlorophyll a. In addition, the absorption peaks of the 
phycobiliproteins phycocyanin and phycoerythrin, coincided with enhanced 
nitrogenase activities at respectively 6GG -  62G and 565 nm. A small stimulation of 
nitrogenase activity was seen at the wavelength range of 49G -  52G nm, which was 
attributed to carotenoids. Carotenoids were probably also responsible for the shoulder 
observed at 455 -  47G nm.
wavelength (nm) wavelength (nm)
Fig. 1: Light action spectra of nitrogenase from the heterocystous cyanobacteria Anabaena sp. 
(A), Aphanizomenon flos-aquae (B) and Nodularia spumigena (C) isolated from the Baltic Sea 
and from a field sample from the Baltic Sea (D).
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The action spectra revealed considerable differences among the three species 
investigated. In A. flos-aquae, light absorbed by phycobiliproteins stimulated 
nitrogenase activity more per photon than light absorbed by chlorophyll a, while the 
opposite was the case in N. spumigena. An intermediate position was taken by 
Anabaena sp. (Fig. 1a -  c). To obtain a better insight in the relative contribution of the 
different pigments to nitrogenase activity, a curve-fitting routine was developed using 
the absorption spectra of the pigments. As was estimated from in vivo absorption 
spectra, the three cultures and the field samples contained besides chlorophyll a, 
phycocyanin and phycoerythrin (Fig. 2). The shoulder around 490 nm in the in vivo 
spectra showed that carotenoids or xanthophylls are also present. There was also a 
strong absorption in the UV-region, which was probably caused by mycosporine-like 
amino acids (Ehling-Schulz and Scherer 1999). The absorption ratios (A440/A675) were 
1.55, 1.90 and 2.17 for respectively Anabaena sp., N. spumigena and A. flos-aquae. In 
order to decide which carotenoids should be included in the fitting procedure, we 
analyzed the acetone extractable pigments (Table 1). Anabaena sp. and N. spumigena 
were identical in pigment signature, while A. flos-aquae distinguished itself by the
wavelength (nm)
Fig. 2: In vivo absorption spectra of Anabaena sp. (dashed line), Aphanizomenon flos- 
aquae (solid line) and Nodularia spumigena (dotted line).
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presence of two additional pigments: astaxanthin and canthaxanthin. All carotenoids 
except astaxanthin were found in the field sample. A. flos-aquae was present in 
considerable numbers in the field sample (40% of the total number of diazotrophs) 
and, therefore, it may be that astaxanthin is only produced in laboratory-grown 
cultures or, alternatively, that our cultivated strain was different from the one that was 
dominant in the field (Barker et al. 2000).
Table 1: Presence or absence of pigments and their absorption maxima in acetone (Hirshberg 
and Chamovitz 1994) in cultures of Anabaena sp., Aphanizomenon flos-aquae, and Nodularia 
spumigena, and in a field sample. The pigments were measured by HPLC.
Pigment Absorption
maxima
Anabaena sp. A. flos-aquae N. spumigena Field sample
astaxanthin 480 - + - -
Myxoxanthophyll 450,478,510 + + + +
Canthaxanthin 471 - + - +
Echinenone 460 + + + +
ß-carotene 429,452,478 + + + +
Chlorophyll-a 431,580,618,665 + + + +
Fig. 3 depicts a representative example of the result from the curve-fitting routine. It 
shows the effect of different pigments involved in the light stimulation of nitrogenase 
in N. spumigena. The same was done for action spectra of A. flos-aquae, Anabaena 
sp. and the field samples (results not shown). The fitted light action spectrum gave a 
good indication of the relative contribution of the various pigments to nitrogenase 
activity (Fig. 3, solid line). When the carotenoids were omitted from the curve-fitting 
procedure, a good reconstruction was obtained of the nitrogenase action spectrum in 
the wavelength range above 520 nm. Yet, the fit was poor at the wavelengths at which 
the carotenoids absorb light (470 -  520 nm) (Fig. 3, dashed line) and at the blue 
absorption peak of chlorophyll a. This suggests that carotenoids were involved in the 
transfer of photo-energy to nitrogenase in the heterocyst. Particularly, Anabaena sp. 
showed a relatively strong stimulation of nitrogenase activity by light at which the 
carotenoids have their absorption optimum (Fig. 1a). In the cultured Anabaena sp. the 
blue absorption peak of chlorophyll a was more important for nitrogenase activity 
relative to the red chlorophyll a peak. The differences in nitrogenase stimulation per
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Fig. 3: A measured (solid circles) and a fitted (solid line with open squares) light action 
spectrum of nitrogenase from Nodularia spumigena. The contributions of the different pigments 
are shown that reconstructed the fitted action spectrum. Fitting was carried out with the solver 
function in Microsoft Excel varying the contributions of the individual pigments to the final 
fitted action spectrum (see Material and Methods).
photon between the blue and red peak (N440/N675=1.5) in this species equaled the 
difference in light absorption of chlorophyll a (A440/A675~1.4). Yet, this was not 
observed in the field samples (N440/N675=0.51) and in samples of N. spumigena 
(N440/N675=0.98) and A. flos-aquae (N440/N675=1.05). The fitted action spectrum of N. 
spumigena was much higher in the blue region (420 -  450 nm) than the measured 
nitrogenase activity (Fig. 3). These differences were the reason why we omitted the 
blue region in the calculation of the relative contribution of pigments to nitrogenase 
activity.
According to the results of the curve-fitting procedures in all three strains, the only 
carotenoids that seem to be involved in photo-energy transfer were P-carotene and 
echinenone. However, the absorption spectra of carotenoids and xanthophylls overlap
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in the wavelength range 460 -  520 nm and therefore the estimates of their 
contribution to nitrogenase activity might not be accurate.
Daily changes o f light action spectra o f nitrogenase activity
Fig. 4 depicts light action spectra of nitrogenase activity that were recorded from 
samples taken from a natural cyanobacterial bloom at three different times of the day, 
at 06:30 (2 h after sunrise), 12:30 and 18:30 (3 h before sunset). During the day, an 
increase in chlorophyll a-normalized nitrogenase activity was observed. In addition, 
the action spectrum changed during the day, which hinted to a change in pigment 
composition of the heterocyst. Using the curve-fitting routine we estimated the ratios 
of the three most important pigments, chlorophyll a, phycocyanin and phycoerythrin. 
Fig. 5d shows that the ratio of the integrated peaks of phycocyanin to chlorophyll a 
remained constant at approximately 0.9 throughout the day. In contrast, the ratio
wavelength (nm)
Fig. 4: Nitrogenase action spectra from natural samples (>20 ^m fraction) taken from a 
cyanobacterial bloom in the Baltic Sea. Samples were taken three times during a light 
period (at 6:30 (solid squares), 12:30 (open circles) and 18:30 (open triangles)). The action 
spectra were linearly corrected for differences in photon irradiance at the different 
wavelengths
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phycoerythrin to chlorophyll a increased from 0.46 in the morning to 0.77 in the 
afternoon. Likewise, the ratio phycoerythrin to phycocyanin increased during the day 
from approximately 0.49 to 0.84. Hence, it was concluded that the amount of 
phycoerythrin relative to phycocyanin increased in the heterocyst, thereby increasing
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Fig. 5: Ratios of the contributions of the three major pigments phycoerythrin, 
phycocyanin and chlorophyll a to the light stimulation of nitrogenase during a light 
period. The ratios were measured on cultures of Anabaena sp. (A) Aphanizomenon flos- 
aquae (B) and Nodularia spumigena (C) and on natural samples (D) from the Baltic Sea. 
The bars at the top of the graphs indicate the light (white) and dark (black) periods.
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its light-harvesting capacity in the 540 -  600 nm range (green-yellow). Since this was 
unexpected, we also investigated whether the same phenomenon occurred in the 
cultures. For this purpose, the cultures were grown under an alternating light-dark 
regime and samples were taken during the light period at 4.5 h intervals. As was 
judged from nitrogenase activity measured at the wavelengths at which chlorophyll a, 
phycocyanin and phycoerythrin absorb, the pigment composition of the heterocysts of 
all three species changed during the course of the light period. As was the case for the 
field samples, the ratio phycoerythrin to chlorophyll a increased during the light 
period in all three species (0.15 to 0.65, 0.05 to 0.50 and 0.15 to 0.55 in A. flos-aquae, 
Anabaena sp. and N. spumigena, respectively) (Fig. 5a -  c). However, in contrast with 
the field observations, the ratio phycocyanin to chlorophyll a increased as well. This 
was strongest in A. flos-aquae, where it changed from 0.50 to 1.00. In N. spumigena 
and Anabaena sp., the increases were much smaller (respectively 0.37 to 0.52 and
0.45 to 0.75) (Fig. 5a -  c). Consequently, the ratio phycoerythrin to phycocyanin also 
increased (0.35 to 0.70, 0.15 to 0.7 and 0.40 to 1.10 in respectively A. flos-aquae, 
Anabaena sp. and N. spumigena). At the end of the following dark period most 
pigment ratios returned to the starting value of the day before. Only the ratio 
phycocyanin:chlorophyll a in Anabaena sp. did not change during the dark period. 
The ratio phycoerythrin:phycocyanin in N. spumigena was lowered after the dark 
period, but did not return to the starting value of the day before. In the field sample no 
extra measurements were taken at the beginning of the next light period, because the 
ship had moved to another station at that time.
Monochromatic light response curves o f nitrogenase activity
Light response curves of nitrogenase activity were recorded for Nodularia spumigena 
using white light and monochromatic light of 440, 560, 610 and 675 nm (Fig. 6). The 
rationale of the selected wavelengths was that nitrogenase activity peaks were 
observed due to absorption by chlorophyll a (440 and 675 nm) and the 
phycobiliproteins (phycoerythrin: 560 -  570 nm and phycocyanin: 610 -  620 nm). 
The values were plotted as a percentage of the maximum nitrogenase activity at 
saturating white light minus the activity measured in the dark, according the equation: 
100% = N wmhite = N'oh'te - N d . Nyt'te and Nd were determined by assaying nitrogenase 
activity at saturating light (200 ^mol m-2 s-1) and in the dark. The difference of these 
values was set to 100%. We anticipated that at any given monochromatic wavelength 
this value would be reached when supplied at a saturating photon irradiance. 
However, such irradiances of monochromatic light could not be obtained with our 
equipment. Light response curves were fitted with the rectangular hyperbola model
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(Tailing 1957): NI = Nm[aI/(Nm + al)] + Nd . Ni, Nm and Nd denote the actual rate of 
nitrogenase activity at a given photon irradiance, the maximum light-dependent 
activity, and the dark nitrogenase activity, respectively. Note that the maximum NI at 
saturating light equals the sum of Nm and Nd. We call that Ntot. Because saturating 
monochromatic photon irradiances were not obtained, Nm was set to 100% in the fit 
procedure. Already at photon irradiances above 3 -  6 ^mol m-2 s-1 nitrogenase activity 
started to increase non-linear with irradiance. The light saturation coefficient, Ik, was 
calculated and equals Nm/a.
Table 2: Light affinity coefficient of the light response curves illuminated with 
monochromatic light. Light response curves were fitted in Origin (Microcal Software Inc., 
Northampton USA), using the equation NI = Nm[aI/(Nm + aI)] + Nd, where NI, Nm and Nd 
denote nitrogenase activity in respectively the given photon irradiance, the maximum light- 
dependent activity at saturating irradiances, and in the dark. a  is the light affinity coefficient 
while I  denotes irradiance. In this case only a  was estimated by the model, because Nm and Nd 
were set to 100% to 0%, respectively (see text).
Wavelength a  (% of max Nm |imol
photons m-2 s-1)
r2 Ik
675 16.5 ± 0.7 0.99 6
610 10.3 ± 1.5 0.91 10
560 4.6 ± 0.2 0.99 20
440 8.2 ± 0.4 0.99 12
White light 18.2 ± 0.9 0.99 5
Of the four tested wavelengths only 675 nm behaved more or less as white light. Both 
a  and Ik approached the values obtained for white light (Table 2) and the data points 
followed those of white light (Fig. 6). The next most efficient wavelengths were 610 
nm (phycocyanin) with an a  and Ik of respectively 56 and 177 % of the values of 
white light and 440 nm (the blue absorption peak of chlorophyll a) with a  and Ik of 
respectively 45 and 222 % of the values for white light. The least efficient wavelength 
was 560 nm (phycoerythrin) which revealed an a  and Ik of 28 and 368 % of white 
light. At a photon irradiance of 10 ^mol m-2 s-1 nitrogenase activity at the wavelengths
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675, 610, 440 and 560 nm were respectively 96, 78, 70 and 51 % of the activity at 
white light.
light intensity (^mol photons m-2 s-1)
Fig. 6: Light saturation curves of nitrogenase at specific wavelengths in the heterocystous 
cyanobacterium Nodularia spumigena.
Discussion
Light action spectra reveal information on the pigment composition o f heterocysts 
The action spectra of N2 fixation in the three cultures of Baltic Sea heterocystous 
cyanobacteria, Nodularia spumigena, Aphanizomenon flos-aquae, and Anabaena sp., 
as well as of natural samples of N2-fixing cyanobacterial blooms in the Baltic Sea 
have clearly demonstrated the contribution of a variety of different pigments to 
support light stimulation of nitrogenase activity. This means that these pigments must 
have been involved in the harvesting of light and of transferring the energy to support 
N2 fixation. Because N2 fixation in heterocystous cyanobacteria is confined to the 
heterocyst and the ATP required for N2 fixation is generated in these cells (Wolk et al. 
1994), we conclude that the pigments were present in the heterocysts. Our conclusion
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is supported by the fact that the heterocysts of N. spumigena and Anabaena sp. show 
strong autofluorescence of phycobiliproteins (results not shown). This is not trivial 
because it has often been suggested that phycobiliproteins are mainly associated with 
the oxygenic photosystem II and, therefore, would be absent or not functional in 
heterocysts (Alberte et al. 1980, Thomas 1970). It is now known that in cyanobacteria 
light harvested by phycobiliproteins may be transferred directly to photosystem I 
(Mullineaux 1994). Measurements of nitrogenase light response curves of N. 
spumigena and Anabaena sp. in the presence of the inhibitor of photosystem II, 3- 
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) showed no significant effect (data 
not shown). This indicates that the photo-stimulation of nitrogenase was mediated by 
photosystem I of the heterocyst and not due to the photosynthetic activity of the 
neighboring vegetative cells, i.e. by increasing the amount of O2 or carbohydrate. 
However, with respect to the presence of phycobiliproteins in heterocysts, 
contradictory reports have been published. While some studies concluded that the 
phycocyanin content of the heterocyst was virtually zero (Thomas 1970), others 
measured as much as 40% of the amount present in vegetative cells (Peterson et al. 
1981). Likewise, phycoerythrin was not found in the heterocysts of various Anabaena 
species (Fay 1970, Peterson et al. 1981, Thomas 1970). Fay (1970) and Peterson et al 
(1981) concluded that only light absorbed by chlorophyll a and phycocyanin was able 
to support nitrogenase activity in A. variabilis and A. cylindrica. However, Fay (1970) 
may have neglected a small hump at 575 nm in the action spectrum of nitrogenase 
activity in A. cylindrica in that publication, which could have been ascribed to 
phycoerythrin. Yet, the concentration of phycoerythrin in heterocysts of 
Aphanizomenon and Richelia could equal or even exceed those of vegetative cells 
(Janson et al. 1995, Janson 1994). The action spectra of nitrogenase showed 
unequivocally the contribution of phycoerythrin in our strain of Anabaena. Although 
we are aware of the fact that even closely related species may have different pigment 
compositions, the discrepancy could also be due to the very low phycoerythrin to 
chlorophyll a ratio in the beginning of the light period (0.05). If the strong variation of 
this ratio were a common property in heterocystous cyanobacteria, it would be 
important to take into account the point of time of sampling in a light-dark period.
The resolution of the action spectra was not sufficient to separate phycocyanin and 
allophycocyanin. Allophycocyanin shows a characteristic shoulder at 654 nm that was 
missing in the spectrum of phycocyanin that we used for the fit procedure. This 
spectrum had an absorption ratio A620/A654 of 3, twice the value of phycobiliproteins 
isolated from heterocysts of Anabaena PCC 7119 (Yamanaka and Glazer 1983).
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Hence, allophycocyanin was apparently absent in our extract and this would explain 
the lower quality of the fit of the action spectra around 654 nm. However, nitrogenase 
activity was not lower at this wavelength and therefore we are confident that 
allophycocyanin absorbs light and contributes to N2 fixation in the heterocysts.
The action spectra of the three strains revealed the contribution of the carotenoids P- 
carotene and echinenone to nitrogenase activity and hence we conclude that these 
pigments were present in the heterocysts. The presence of carotenoids in heterocysts 
is not unusual (Fay 1969) and it is known that they may be very efficient in 
transferring light energy to photosystem I (Cogdell and Gardiner 1993).
Light response o f N2 fixation
The rationale for making light response curves for monochromatic light was to 
determine whether nitrogenase activity increased linear with photon irradiance within 
the range that was used for the action spectra. We assumed that light and nitrogenase 
activity correlated linearly up to irradiances of half of the Ik. Hence, at wavelengths 
close to 675 nm, photon irradiance should not exceed 3 -  4 ^mol m-2 s-1, while in the 
region 480 -  530 nm, nitrogenase activity increased linearly until 10 ^mol m-2 s-1. The 
irradiance of monochromatic light varied with the light source and differed between 
the wavelengths coming through the monochromator. We were careful not to exceed 
the maximum values determined for linear response of nitrogenase activity. It was 
therefore possible to compare the nitrogenase activity at each wavelength by dividing 
them by the photon density at which it was measured. Although monochromatic light 
response curves were only measured for N. spumigena, it was anticipated that the 
other strains would behave similar because there were only marginal differences in Ik 
when measured in white light.
Quantum efficiency o f light harvesting
It was not possible to determine the quantum efficiencies of N2 fixation for the 
pigments, because in order to do this, the pigment concentrations in the heterocysts 
and the absorption cross-section must be known. In vivo absorption spectra such as 
shown in Fig. 2 reflect mainly the light absorption by the vegetative cells, which 
represent ~95% of the total number of cells. Even when the pigment concentrations in 
the heterocysts were known, a, which equals in this case 1/Km in enzyme kinetics, 
would not be a good estimate of quantum efficiency. This parameter depends not only
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on pigment concentrations but also on Nd and the concentration of nitrogenase (Staal 
et al. 2002).
In order to circumvent this problem, we followed another approach. Using the 
monochromatic light-response curves recorded in N. spumigena, we found that Nd and 
Ntot did not change during the day when grown under continuous light, and it is 
unlikely that pigment concentrations change during a measurement (40 min). Hence, 
it was possible to compare differences in quantum efficiency for different 
wavelengths within a pigment. When we compared quantum yield at 675 and 440 nm, 
we obtained unexpected results. The differences in quantum yield at these 
wavelengths were in contradiction with the higher absorption at the blue peak of 
extracted chlorophyll a (A440/A675«1.4, see Fig. 3). The action spectra of N. 
spumigena and A. flos-aquae as well as the field samples showed a lower than 
expected stimulation of nitrogenase in the blue peak of chlorophyll a. A possible 
explanation for this paradoxical result is that several carotenoids and xanthophylls 
also absorb light at 440 nm without contributing to nitrogenase activity. Both 
myxoxanthophyll and canthaxanthin are known to have photo protective properties in 
cyanobacteria, while they have no function as photosynthetic pigments (Lakatos and 
Budel 2001). In addition, other non-photosynthetic UV-absorbing pigments such as 
mycosporine-like amino acids absorb in the 440 nm region (Ehling-Schulz and 
Scherer 1999, Subramaniam et al. 1999). The in vivo spectra showed an absorption 
ratio A440/A675 of 1.90 and 2.17 for respectively N. spumigena and A. flos-aquae, 
much higher than A440/A675^ 1.4 which we would expect when only chlorophyll a 
absorbs blue light. The ratio A440/A675 of 1.55, found in the in vivo absorption 
spectrum of Anabaena sp., indicates much lower absorption in the 440 nm region by 
other pigments than chlorophyll a. Moreover, Anabaena sp. was the only organism in 
which the N2 fixation rate per photon was higher in the blue region than in the red 
region. Unfortunately, we did not measure in vivo spectra of field samples. However, 
the difference in relative quantum efficiency between the blue and red chlorophyll 
peak of the nitrogenase action spectra indicates that the A440/A675 for the field sample 
is probably even higher than the one of A. flos-aquae, because in cyanobacteria a 
positive correlation between photoprotective pigments and irradiance is usually found 
(Lakatos and Budel 2001). The irradiances in the Baltic Sea were much higher than 
those applied to the cultures, while in addition the latter were not exposed to UV light.
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Chromatic acclimatization
Many phycoerythrin-containing cyanobacteria are capable of chromatic adaptation,
i.e. adjust the relative amounts of phycocyanin and phycoerythrin to the prevailing 
spectral light quality and light quantity (Grossman et al. 1994, MacColl 1998). Our 
results have shown that phycoerythrin and to a lesser extend also phycocyanin 
contribute to a varying extend to N2 fixation during a day-night cycle. From this we 
conclude that the pigment composition of the heterocysts is variable during the period 
of one day. However, since we did not change the spectral quality of the light, the 
pigment changes in the heterocyst were not caused by chromatic acclimatization. The 
amount and composition of the phycobiliproteins may change as the result of the 
nutritional condition of cyanobacteria, particularly because of the nitrogen status of 
the cells (Wyman et al. 1985). It is tempting to speculate that the phycobiliproteins in 
the heterocyst can serve as a temporal nitrogen storage (Grossman et al. 1994). During 
the night when the rates of N2 fixation are low, the phycobiliproteins and particularly 
phycoerythrin in the heterocysts may be degraded, in order to allow an uninterrupted 
nitrogen supply to the vegetative cells. During the light, the higher rate of N2 fixation 
would allow re-synthesis of the phycobiliproteins. A similar theory was proposed to 
explain the observed changes in phycobiliprotein ratios within natural populations of 
the non-heterocystous N2-fixing cyanobacterium Trichodesmium (Subramaniam et al.
1999).
Very little is known about the possibility of heterocysts to change their pigment 
composition and it has been suggested that these cells are unable to synthesize 
phycobiliproteins (Yamanake and Glazer 1983). Although indirectly through the 
measurement of nitrogenase activity, we have provided for the first time strong 
evidence that heterocysts are able to vary the composition of their pigments. This can 
only be explained when heterocysts are capable of synthesizing and degrading 
phycobiliproteins actively.
The pronounced spectral differences of nitrogenase activity and their changes during a 
day-night cycle will have considerable consequences for the nitrogen budget of 
ecosystems in which heterocystous cyanobacteria are the dominant N2 fixers. Simple 
N2 fixation versus irradiance relationships that are used to calculate daily-integrated 
amounts of nitrogen fixed may be biased when pigment changes and spectral 
differences are not taken into account (Stal and Walsby 2GGG).
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E f f e c t s  o f  O2 o n  N2 f i x a t i o n  in  h e t e r o c y s t o u s  c y a n o b a c t e r i a  
f r o m  t h e  B a l t i c  S e a
Marc Staal, Sacco te Lintel Hekkert, Frans J.M. Harren and Lucas J. Stal 
Abstract
The effect of O2 on nitrogenase activity in natural samples of heterocystous 
cyanobacteria from the Baltic Sea was studied using on-line Laser Photo 
Acoustic trace gas detection. This technique records nitrogenase activity in near 
real-time and allows measurements under a continuous gradient of o 2. The 
results show that, under non-steady state conditions, the optimum concentration 
of O2 for N2 fixation differed from those measured under steady state O2 levels. 
The optimum o 2 concentration depended also on the direction of the o 2 gradient 
applied. A gradient of decreasing concentration yielded higher O2 optima for 
dark nitrogenase activity than increasing o 2 concentrations. Apparently, the 
cyanobacteria rapidly adapted to changes in o 2 and therefore, results also 
depend on the history of o 2 concentrations to which the organisms were exposed. 
Steady state and non-steady state O2 concentrations both showed a decrease in 
the optimum O2 concentration for nitrogenase activity rates with increasing 
irradiances. However, the optimum O2 concentration was always higher than 
zero, even at saturating irradiances. Hence, it appeared that low levels of O2 are 
an obligatory requirement for maximum nitrogenase activity. Low levels of 
respiration served as a source of additional energy, meaning that even at light 
saturation, photosynthetic energy generation in the heterocyst could not saturate 
the demand of ATP of nitrogenase. The large changes of nitrogenase activity due 
to the combined effect of variations in O2 concentration and light emphasize the 
necessity to include these effects into models that calculate the daily integral of 
N2 fixation.
Submitted to Aquatic Microbial Ecology
79
Chapter 6: Effects o f O2 on N2 fixation
introduction
Cyanobacteria are a diverse group of oxygenic photoautotrophic organisms and many 
representatives are capable of fixing atmospheric N2, which allow them to grow 
independent of the supply of combined nitrogen. Combined nitrogen is often limiting 
the proliferation of algae in natural waters. Diazotrophic heterocystous cyanobacteria 
form massive algal blooms in lakes and brackish waters. The brackish Baltic Sea is 
particularly well known for the development of cyanobacterial blooms that are 
composed of the filamentous, heterocystous species Nodularia spumigena, 
Aphanizomenon sp., and to a lesser extent, Anabaena sp. Many heterocystous bloom- 
forming cyanobacteria occur as aggregates (colonies) and contain gas vesicles that 
make them buoyant. During calm days these cyanobacteria floats to the water surface 
where they form dense surface accumulations (Walsby et al. 1997).
Nitrogenase, the enzyme-complex responsible for the reduction of N2 to NH3, is 
extremely sensitive to oxygen. In order to fulfill the requirement of providing an 
anoxic environment for nitrogenase, heterocystous cyanobacteria differentiate special 
cells, the heterocysts, that are the sites of N2 fixation (Fay 1992). When grown under 
N2-fixing conditions, about 1-10 % of the cells are heterocysts. The heterocysts are 
distributed at (semi) regular distances along the trichome.
Although heterocysts contain the light-harvesting pigments, they are usually in lower 
amounts than in the vegetative cells, which renders them the pale appearance (Fay 
1970; Peterson et al. 1981; Thomas 1972). Heterocysts are devoid of the water- 
splitting and O2-evolving photosystem II but are capable of photosystem I-mediated 
photosynthesis. Hence, heterocysts are able to convert light into biochemical energy 
(Scherer et al. 1988a). Heterocysts are further enveloped by a thick lipopolysaccharide 
cell wall that forms an effective gas diffusion barrier (Wolk et al. 1994), which limits 
the diffusion of O2 into this cell (Walsby 1985). A low O2 flux into the heterocyst and 
a high respiratory potential causes a virtually anoxic internal environment, an 
obligatory requirement for N2 fixation.
Heterocysts depend on the oxygenic phototrophic, CO2-fixing vegetative cells for the 
supply of reducing equivalents that are necessary for N2 fixation and respiration. 
Reducing equivalents are imported as carbohydrate, most probably sucrose (Böhme 
1998; Curatti et al. 2002). N2 fixation is a highly energy demanding process. The 
reduction of one N2 to two NH3 involves 8 low-potential electrons, mostly in the form 
of reduced ferredoxin, and at least 16 ATP (Miller et al. 1993). Hence, the direct 
energetic cost of N2 fixation represents at least an amount equal to 28 ATP. 
Nitrogenase diverts two electrons to the reduction of two protons to H2, which is an
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obligatory side product form N2 fixation by nitrogenase. In addition to these direct 
energetic costs, the assimilation of NH3 into amino acids also requires energy. 
Moreover, when NH3 is not immediately assimilated, it may diffuse out of the cells 
and must be taken up by a high-affinity transporter. This futile cycle may also 
represent a considerable loss of energy (Kleiner 1985).
Respiration and photosystem I share a number of enzymes of the respiratory electron 
transport chain in the thylakoid membranes in the heterocyst, while photosystem I is 
able to reduce nitrogenase via ferrodoxin (Scherer et al. 1988a). Hence, there is a 
competition for reducing equivalents between nitrogenase and the cytochrome 
oxydase. Part of the available reducing equivalents in the heterocyst is used to 
scavenge O2 by respiration and as such provide a source of energy. At air saturation 
levels, O2 can support up to 50% of the maximum rate of nitrogenase by aerobic 
respiration. Photosystem I-mediated energy generation supplies the rest of the ATP 
necessary to reach maximum nitrogenase activity and this explains the light 
dependence of N2 fixation in heterocystous cyanobacteria (Staal et al, 2002).
The vegetative cells of cyanobacteria store glycogen as a storage carbohydrate that is 
used to sustain growth and metabolism during the dark. The mobilization of glycogen 
in the vegetative cells also allows the fixation of N2 for prolonged periods in the dark. 
In order to allow N2 fixation, carbohydrate has to be transported from the vegetative 
cells to the heterocyst. The carbohydrate transport proceeds at a constant rate, until 
the supply runs out (Evans et al. 2000; Fredriksson et al. 1998). It is not known 
whether the transport of carbohydrates occurs throughout the whole day, or only 
during the light period. In the latter case, heterocysts should be capable of maintaining 
their own store of carbohydrate.
The heterocyst provides an optimal environment for nitrogenase and protects it 
efficiently from O2 inactivation. Nevertheless, O2 has pronounced effects on N2 
fixation in heterocystous cyanobacteria. In the natural environment, heterocystous 
cyanobacteria may experience strong fluctuations in O2 concentrations. For instance, 
in the light, surface accumulations of bloom-forming cyanobacteria, aggregates, and 
the surroundings may become supersaturated with O2 (Ibelings and Mur 1992; Paerl 
and Bebout 1988), while in the dark respiration can deplete O2 (Ploug et al. 1997). 
Moreover, fluctuating light irradiances will cause rapid changes in O2 concentration. 
It is not known how N2-fixing cyanobacteria react to such situations and how rapidly 
changing O2 concentrations affect the amount of N2 fixed. Until recently, such 
experiments could not be done properly because the methodology was lacking. We 
have developed an on-line and near real-time method for the measurement of 
nitrogenase activity, based on the acetylene reduction assay (ARA). Using this 
method, rapid changes of the gas atmosphere can be applied through automated mass-
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flow controllers. The whole set-up can be installed in a field laboratory or taken on 
board of a research vessel. We have applied this approach to study the effect of O2 
and fluctuations of the pO2 on nitrogenase activity in natural samples of a 
cyanobacterial bloom in the Baltic Sea, dominated by two heterocystous 
cyanobacteria, Aphanizomenon sp. and Nodularia spumigena.
Material and Methods
Sample location
The experiments were carried out during a research cruise on the Baltic Sea, in June 
1999 on board of RV ‘Valdivia’. Samples were taken in the Baltic Proper at the 
stations shown in Fig. 1. During the sampling period, the weather was calm and the 
water column was stratified at a depth of 9 m. At every station, the ship followed a 
drifting buoy connected to a water anchor that was put in place at 6 a.m., assuring 
sampling in the same water body during that day. Microscopic observations revealed
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Fig. 1: Sampling positions in the Baltic Sea at which the nitrogenase activity vs. O2 and 
vs. irradiance curves were recorded.
that Nodularia spumigena and Aphanizomenon sp. accounted for approximately 5­
10% and >80%, respectively. Anabaena sp. was present in minor numbers (<2%). 
Most of the material occurred as aggregates.
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Sampling techniques
Samples were taken using a 100 plankton net, by several vertical hauls of the 
water column above the thermocline (9 m). Depending on the biomass present and the 
method used for detection (laser-based trace gas detection or gas chromatography; see 
below), 2.5 -  20 ml of sample were filtered on GF-F glass fiber filters (Whatmann, 0  
47 mm). The filters were immediately transferred to the on-line incubation cell and 
measurements typically started within 10 min after the samples were filtered. Care 
was taken that the sample remained at the same temperature and the incubator was 
kept at the ambient seawater temperature (12-13oC).
Cultures
A non-axenic culture of Nodularia spumigena was obtained from Dr. P.K. Hayes 
(Bristol University, UK). The organism was isolated from the Baltic Sea and was 
grown in a mixture of 1 part of artificial seawater medium (ASN3o) and 2 parts of 
freshwater medium (BG11o) (Rippka 1979). The salinity of this mixture was ^9 %o, 
which corresponded to the salinity of the water from which the organism was isolated. 
The medium did not contain a source of combined nitrogen
On-line, near real-time measurement o f acetylene reduction
Nitrogenase activity was measured using the acetylene reduction assay (ARA). 
Ethylene was detected either with laser-based trace gas detection (LPA) or with 
conventional gas chromatography. The laser-based trace gas detection system was 
described in detail in (Te Lintel Hekkert et al. 1998). Meanwhile also a mobile 
version of the LPA exists that can be taken on board of a research vessel. LPA was 
used when a high sampling frequency was required, e.g. for experiments in which the 
effect of dynamic O2 gradients on nitrogenase activity was studied. The detection 
limit of ethylene using LPA was 0.2-0.5 ppb during calm weather and decreased to
0.5-2 ppb in rough weather (> 5 Beaufort).
The gas chromatograph was a Shimadzu GC14A equipped with an in-line sample 
loop (1 ml) for automatic injection. The detector was a flame ionization detector 
(FID). The conditions for the gas chromatograph were as follows. The temperatures of 
injector, detector and oven were set at 90, 120 and 55oC, respectively. The carrier gas 
used was He (highest purity available) at a flow rate of 10 ml min-1. The supply of H2 
and air for the FID were 30 and 300 ml min-1, respectively. The column used was a 
25-m long wide-bore silica fused (0.53 mm i.d.) packed with Porapak U (Varian- 
Chrompack, the Netherlands). The gas chromatographic detection of ethylene was
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used for measurements at steady state O2 concentrations. The gas chromatograph was 
run at its highest sensitivity, which was possible by using high-purity gases. The 
detection limit for ethylene with the gas chromatograph was 15-25 ppb.
The cyanobacteria were immobilized on a GF-F filter and were placed in the 
thermostated gas flow-through incubator (dead volume 3 ml). The incubator has been 
described in detail by Staal et al. (2001). A slide projector (Leica, 250 W halogen 
lamp) served as light source. The slide projector contained a series of neutral density 
filters (Balzers, Belgium), allowing illumination of the cyanobacteria at known 
photon irradiances. The gas-mixing system was composed of electronic mass flow 
controllers as described by Staal et al. (2001). The gases used were O2 and N2, each 
with 400 ppm CO2 (Hoek-Loos, the Netherlands) and analytical C2H2 (2.6, Messer­
Griesheim, Germany). The flow rates of the gas mixture were 1 and 2 L h-1 for gas 
chromatographic detection and the LPA set-up, respectively. The gas mixtures always 
contained 10% C2H2.
Oxygen gradients
In order to create gradients of O2 concentrations, a flask (1.3 L) was placed in the 
system just before the incubation cell. At the start of a gradient, the O2 concentration 
in the gas flow was changed to the final O2 concentration. Due to the gas volume the 
oxygen concentration than changed by dilution according to:
C=Cf(1-etD)+Coe-tD 1)
Where C0, Cf and Ct are respectively the start and final concentrations and the 
concentration of O2 during the gradient at time t. D is the dilution rate, determined by:
D = '/.
in which ƒ equals the flow rate (L h"1) and v equals the dilution volume (L). An 
example of an O2 gradient and the response of the acetylene reduction rate is given in 
Fig. 2.
A Clark type (polarographic) mini electrode (type 730, Diamond Inc., USA), 
connected to an O2 monitor (Strath Kelvin) continuously monitored O2 concentrations 
in the gas flow. The O2 electrode was positioned in the gas line just before the photo­
acoustic cell in the LPA set-up or before the sample loop in the gas chromatograph. In 
the latter case, a chart recorder was used for recording the O2 signal. In the LPA set-
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Fig. 2: Acetylene reduction and O2 concentration plotted against time during a down and an 
up gradient (station 2, 18:30). Acetylene reduction was measured with the LPA set-up (see 
text), O2 was measured with a polarographic electrode, placed in the gas tubing close to the 
photo acoustic cell.
up, O2 concentration was recorded simultaneously at each measurement of ethylene, 
using an A/D converter card.
5
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Experiments with dynamic oxygen gradients
O2 gradients were run in the dark and at photon irradiances of 30 and 400 pmol m-2 s-
1. Under each of these conditions, first an O2 down gradient was run (30 ^  0%), 
followed by an up gradient (0 ^  30%). The whole set of measurements (down- and 
up gradients in the dark and at two light intensities) were done with the same sample 
of cyanobacteria (i.e. the same GF-F filter). In order to check whether the 
cyanobacteria were affected by the treatment, the sequence of irradiances was 
inverted several times. This gave the same results, which indicated that the 
measurements could be replicated.
Experiments with steady state O2 concentrations
Light response curves were recorded at different constant levels of respectively 20, 
10, 5, 2.5 and 0% O2. Each light response curve consisted of measurements at 11 
different exponentially increasing photon irradiances ranging from 0 -  400 pmol m-2 
s-1. After each light response curve, the system automatically changed to the next 
programmed O2 concentration. The O2 concentration in the incubation chamber 
stabilized within 5 min after the mass flow controllers changed the gas mixture. 
Following the change in O2 concentration, a dark incubation of 15 min was 
programmed in order to allow the sample to adapt to the new O2 concentrations.
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Chlorophyll a determination
At the end of an experiment, the filters were stored at -20oC on board of the research 
vessel. Upon returning into the laboratory, the filters were freeze-dried and stored at -  
80oC until analysis. Chlorophyll a was extracted by 90% acetone and chlorophyll was 
analyzed by HPLC as described in Staal et al. (2001).
Results
Effects o f dynamic O2 gradients on N2 fixation
Fig. 2 depicts a representative oxygen response curve (station 2, 18:30) showing the 
results obtained from an experiment measuring the activity of nitrogenase at a photon 
irradiance of 400 nmol m-2 s-1 while the cyanobacteria were exposed to a dynamic 
gradient of O2. The results were corrected for the lagging behind of the measurement 
of the production rate of ethylene compared to the recording of the O2 concentration. 
This delay was ~1.5 min, the time required by the system to reach 90-95% of the 
steady state flux of ethylene (Staal et al. 2001). Maximum nitrogenase activity was 
achieved at an O2 concentration of ~10.5 %. This was observed both when the 
concentration of O2 changed from high to low or vice versa. Also the maximum 
nitrogenase activity was virtually the same in both cases and amounted ~10.5 |imol 
C2H4 mg Chl a '1 h-1. The lowest nitrogenase activity was ~4.9 |imol C2H4 mg Chl a '1 
h-1, which was found at 27% O2 (the highest concentration applied), both at the 
beginning and at the end of the experiment, which lasted for ~1.5 h.
Fig. 3 shows the nitrogenase activities plotted against O2 concentration in the dark and 
at photon irradiances of 30 and 400 nmol m-2 s-1 during down- and up gradients of O2. 
The results show that the concentration of O2 at which maximum nitrogenase activity 
is reached, shifts to lower values from the dark to saturating light. In the dark, 
nitrogenase reached its maximum at 27% O2 during the down gradient, although 
during the up gradient the maximum was already reached at 15%. Maximum dark 
nitrogenase activity was ~3.9 |imol C2H4 mg Chl a '1 h-1 in the down gradient and ~3.5 
|imol C2H4 mg Chl a '1 h-1 in the up gradient. At a photon irradiance of 30 nmol m-2 s-1 
maximum nitrogenase activity was found at 14.5% O2, decreasing to 10% at 400 
nmol m-2 s-1. In both cases, the O2 concentration at which maximum nitrogenase 
activity was obtained was the same during down- and up gradient. The maximum
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oxygen concentration (%)
Fig. 3: Nitrogenase activity, measured by the acetylene reduction method, plotted versus the 
O2 concentration during a series of O2 gradients (station 1, 9:00). Gradients were made with 
decreasing (open symbols) and increasing (closed symbols) O2 concentrations in the dark 
(squares), at 30 ^mol photons m-2 s-1 (circles) and 400 ^mol photons m-2 s-1 (triangles).
nitrogenase activity at a photon irradiance of 30 pmol m-2 s-1 was ~7.5 pmol C2H4 mg 
Chl a '1 h-1 during the down gradient and ~8.3 pmol C2H4 mg Chl a '1 h-1 during the up 
gradient. At 400 pmol m-2 s-1 these values were ~10.6 and ~10.3 pmol C2H4 mg Chl 
a '1 h-1 for the down- and up gradient, respectively.
In total 7 series of O2 gradient measurements were recorded at 3 different stations in 
the Baltic Sea at different times during the day (Table 1). At saturating photon 
irradiances (400 pmol m-2 s-1), maximum nitrogenase activities were obtained at O2 
concentrations varying from 4 -  11.4 %. At a photon irradiance of 30 pmol m-2 s-1 
higher optimum concentration of O2 were found and varied from 5.5 -  15.1 %. In the 
dark even higher concentrations of 8 -  27% of O2 were required to achieve maximum 
nitrogenase activity. The average O2 optima in the dark, and under photon irradiances 
of 30 and 400 pmol m-2 s-1 were 17.9 ± 4.9, 11.2 ± 3.6 and 8.4 ± 2.6 (n=14), 
respectively and differed significantly (one-way ANOVA, p<0.05). Only in one case 
a photon irradiance of 30 pmol m-2 s-1 showed a lower O2 optimum than at saturating 
light (station 3, down gradient at 18:30). The three stations sampled differed 
considerably in the total daily irradiance. The total daily photon irradiances at the 
stations 1, 2 and 3 were 24.5, 59.2 and 12.5 mol m-2, respectively (Table 1). The
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Table 1: O2 optima and the corresponding nitrogenase activity rates (ratio of Nto/Nd) at three 
sampling stations in the Baltic Sea, measured in the dark and at two photon irradiances (sub- 
saturating and saturating). Optima are given in % of O2. The ratio Nto/Nd was determined at 
20% O2.
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1 9:00 Down 19 14.7 11.0 24.5 2.8
1 9:00 Up 18 15 11.4 24.5 2.4
1 18:30 Down 19 13.6 10.6 24.5 2.0
1 18:30 Up 20.6 14.8 10.2 24.5 1.9
2 6:30 Down 23 10.9 8.3 59.2 2.7
2 6:30 Up 13.3 11.5 10.8 59.2 3.5
2 18:30 Down 27 15.1 10.6 59.2 2.3
2 18:30 Up 15 14.1 10.1 59.2 2.3
3 6:30 Down 22 8.2 7.5 12.5 2.7
3 6:30 Up 18.6 11 7.3 12.5 3.3
3 12:30 Down 19 5.5 4.3 12.5 2.7
3 12:30 Up 11 9.9 5.1 12.5 3.9
3 18:30 Down 17 5.5 6.8 12.5 2.2
3 18:30 Up 8 6.3 4 12.5 3.6
highest O2 optima were found at the end of the day with the highest daily photon 
irradiance (59.2 mol m-2 ) (station 2). Also, at this station there was the trend of an 
increase of the optimum O2 concentration during the course of that day, while it 
decreased during the day at station 3. At station 3, the daily photon irradiance 
amounted only 12.5 mol m"2. The O2 optima at 30 and 400 ^mol photons m"2 s-1 were 
significantly higher at station 1 and 2 than at station 3 (one-way ANOVA, p<0.05). 
Furthermore, it was found that the optimal O2 concentration in the dark was 
significantly lower (one-way ANOVA, p<0.05) when measured during the up 
gradient, when compared during the down gradient (Table 1). The average of all dark
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Fig. 4: Relationship between O2 optima and Nto/Nd in the dark (black squares), at 30 ^mol 
photons m"2 s"1 (open circles) and at 400 ^mol photons m"2 s"1 (open triangles). The lines were 
derived by linear regression. Significant linear regressions (p<0.05) were found for the dark 
(upper line) and 400 ^mol photons m"2 s"1 (lower line). At 30 ^mol photons m"2 s"1 the same 
pattern was found, but this was not significant (middle line).
O2 optima measured during the down gradients were 20.9 ± 3.4, while this was only 
14.9 ± 4.5 for the up gradients. In the light no significant differences were observed 
between the optima of up and down gradients. Not only the O2 optima at which 
nitrogenase reached their optimal activity differed with irradiance, also the 
nitrogenase activity differed sometimes at the optimal O2 concentration, depending 
whether the activity was measured at a down or an up gradient. The nitrogenase 
activities were somewhat higher in the gradient from low to high O2 at the 30 ^mol m"
2 s"1 incubations (ranging from 5~ 17% higher activity). A higher nitrogenase activity 
in the low to high O2 gradients was also found for all dark incubations at station 1 (up 
to 20% more activity). The other two stations did not show a difference in nitrogenase 
activity between both types of gradients. At 400 ^mol m"2 s"1 neither maximum 
nitrogenase nor the optimum O2 concentration varied.
Light response curves made at the same time showed that irradiances above 200 ^mol 
m"2 s"1 almost saturated nitrogenase activity, hence a photon irradiance of 400 ^mol 
m"2 s"1 was considered as sufficient to achieve the maximum activity at a specific O2 
concentration. The nitrogenase activity at saturating irradiance is called Ntot, while Nd 
denotes the dark activity (Staal et al. 2002). The ratio Ntot/Nd at 20% O2 at every series
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of measurements was calculated and plotted against the O2 optima (Fig. 4). When a 
linear regression was performed, a significant negative correlation between the ratio 
Ntot/Nd and the O2 optima was found in the dark and at an irradiance of 400 pmol m-2 
s-1 (p<0.05). The 30 pmol m"2 s-1 also showed the same trend, but the correlation was 
not significant (p=0.17).
Light response curves at different steady state levels o f oxygen
Light response curves were measured at all three stations, applying different steady 
state concentrations of O2, ranging from 20 -  0% (Fig. 5). In the dark and at 
irradiances up to 40 pmol m-2 s-1, highest nitrogenase activities were observed at 20%
O2, the highest concentration tested in this experiment. At 40 pmol m-2 s-1 nitrogenase 
activity was virtually the same at all O2 concentrations, except under anaerobic 
conditions, where the activity was somewhat lower. Above an irradiance of 100 pmol 
m-2 s-1, 2.5 -  5% O2 yielded the highest nitrogenase activities. This was somewhat 
lower then what was observed during the measurements with a dynamic O2 gradient. 
In the dark under anaerobic conditions, nitrogenase activity was zero. It increased 
with O2 concentration, indicating that in the dark, aerobic respiration was 
indispensable for N2 fixation.
At 20% O2, light saturation of nitrogenase activity was achieved already at a photon
Light intenstisy 
^mol pohotons m-2 s-1 
—■—  0
oxygen (%)
Fig. 5: Nitrogenase activity rates versus O2 concentrations, measured by light response 
curves at decreasing steady-state O2 concentrations.
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irradiance of 20-40 ^mol m-2 s-1, while at 10% O2 and lower, nitrogenase activity 
required much higher irradiances (200-300 ^mol m-2 s-1) in order to be light saturated.
The effect of a decrease in energy availability on O2 optima was tested on a culture of 
Nodularia spumigena. This culture was incubated for 24 h in the dark in order to 
lower the internal energy sources in the heterocyst. During this dark period, irradiance 
versus nitrogenase activity curves were recorded at different O2 levels at t=0, t=12h, 
t=18h and t=24 h, as described for the steady state incubations for the field samples. 
The optima for O2 in the dark and at the lower irradiances decreased with the duration 
of the dark period (Table 2). In the cultured samples, optima were found at 0% O2 at 
photon irradiances > 10-20 |imol m-2 s-1. The optima in the dark decreased from 20% 
O2 at t=0 to 5% O2 after 24 h of darkness. After 24 h of darkness, the culture was 
incubated in the light again (60 |imol m-2 s-1) and light response curves at the different 
O2 concentrations were made at t=6 and t=12 after light was turned on. This resulted 
in an increase of the optima for O2 at the lower irradiances with time (Table 2). The 
ratios Ntot/Nd were also determined at 20% O2. An increase in Ntot/Nd was found after 
prolonged dark incubation, but after the light was turned on Ntot/Nd decreased again. 
The highest O2 optima coincided with the lowest Ntot/Nd.
Discussion
In this investigation the effects of O2 on nitrogenase activity in a natural sample of 
heterocystous, bloom-forming cyanobacteria was studied. In one approach, dynamic 
O2 gradients were applied, while simultaneously monitoring nitrogenase activity using 
an on-line and near real-time technique of acetylene reduction. Incubation of the 
organisms on a filter speeds up the gas exchange compared to incubations in water 
and therefore steady state ethylene fluxes were achieved within 1.5 min (Staal et al., 
2001). As a result, the measured ethylene concentrations were directly proportional to 
the enzyme activity, while preventing changes in O2 concentrations due to 
photosynthesis or respiration. The high frequency of sampling by the laser 
photoacoustic trace gas detection system allowed a high accuracy of determining 
optimal O2 concentrations for N2 fixation in heterocystous cyanobacteria, which 
cannot be achieved by gas chromatographic determination of ethylene.
The other approach was to study the effect of O2 applying steady state O2 
concentrations. The set-up for the acetylene reduction assay was the same as 
described above except that a gas chromatograph was used for the measurement of 
ethylene, since a high sampling frequency was not required in this case. Both
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Table 2: The effect of prolonged darkness on the O2 optima of nitrogenase activity in the 
cultured heterocystous cyanobacterium Nodularia spumigena. At t=24 h light was turned on . 
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approaches, dynamic and steady state O2 concentrations, yielded different optimal O2 
concentrations for equal irradiances. The different results may be ascribed to the 
differences in O2 regimes. When incubated for a prolonged time under low O2 it can 
be argued that fewer electrons will be consumed by respiration and, hence, more will 
be available for N2 fixation. Using a dynamic O2 regime, it was shown that exposure 
to low O2 concentrations for a short time could increase maximum nitrogenase 
activity or change the optimal O2 concentration for N2 fixation. The steady state 
incubations were incubated at decreased O2 levels for prolonged periods (1h per O2 
level), which resulted in an increase of nitrogenase activity with time. Because the 
low O2 levels were measured last, nitrogenase activities are than overestimated, and 
consequently result in lower O2 optima. Therefore, we conclude that the dynamic O2 
gradient method gives the best estimate of the optimum O2 concentration, because it 
largely excludes the effects that are caused by prolonged exposure to low O2 levels. It 
is possible that the rate of O2 changes in the dynamic might also effect the optimal O2 
concentration. The dilution rate used is the result of the limitation of the set-up. A 
higher dilution rate will cause two problems; there will be a lower number of 
measuring points, reducing the accuracy of the determination and the delay effect due 
to the ethylene exchange between the sample and overlying gas will become bigger. A 
lower dilution rate will decrease the number of O2 response curves, which can be
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measured during a station. The rates at which O2 concentrations will change in 
aggregates in nature are unknown, and will depend on mixing rates in the eupothic 
zone and on turning rates of the aggregates themselves.
Despite the differences found with the different methods, both approaches have 
clearly demonstrated that O2 is required to obtain highest nitrogenase activity in the 
field. In the dark, 19 -  30% O2 is required to obtain maximum nitrogenase activities 
(Fig. 3). When in the dark the concentration of O2 decreases, less respiration will take 
place and thus less ATP will be produced and, hence, less nitrogenase activity can be 
supported. This is what was observed and expected. At increasing irradiances, 
photosynthesis supplies increasing amounts of the energy for N2 fixation. Hence, a 
decrease of the optimal O2 concentrations was expected with increasing irradiances. 
Although in the light lower O2 concentrations are required, it was unexpected that 
even at saturating irradiances a certain amount of O2 was needed to obtain the highest 
nitrogenase activity. This can only be explained when in the light respiration 
contributes to the energy demand of N2 fixation in natural samples of cyanobacteria. 
This contradicts the hypothesis proposed by (Bottomley and Stewart 1977) who 
proposed that photosystem I-mediated energy generation could supply all ATP 
required for maximum nitrogenase activity. Indeed, many cultured heterocystous 
cyanobacteria have their O2 optimum between 0 -  5% at saturating irradiances (Fay 
1992; Murry et al. 1984; Prosperi 1994), and own observations, see Table 2). On the 
other hand, it was found that cultures of Anabaena cylindrica grown at elevated O2 
levels (60% O2 in the gas phase) increased their O2 optimum for acetylene reduction 
to 10% in the light (Murry et al. 1984).
In many environments cyanobacteria may become exposed to elevated levels of O2. 
This is reported for instance in cyanobacterial scums (Ibelings and Mur 1992), 
aggregates (Paerl and Bebout 1988) and in microbial mats (Epping and Jorgensen 
1996). Therefore, it is likely that O2 super-saturation also occurred in aggregates of 
heterocystous cyanobacteria in the Baltic Sea (E.H.G. Epping, Pers. Comm.). This 
could explain the high optimum for O2 at saturating irradiances.
The ratio Ntot/Nd represents the proportion of ATP produced by respiration relative to 
the total ATP demand of nitrogenase. A high Ntot/Nd reflects a high light dependency 
of nitrogen fixation, while a low value shows that respiration is important to fulfill the 
energy demand of nitrogenase. The extreme situation will be that Ntot/Nd is one, 
indicating that all energy used by nitrogenase originates from respiration. In that 
extreme case Nd is not ATP limited anymore, but electron limited. As was shown by 
incubating N. spumigena for 24 h in the dark, the Ntot/Nd increased with time during a 
prolonged period of darkness, and decreased again after the light was turned on.
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Therefore, we conceive that a high Ntot/Nd reflects a low energy status in the 
heterocyst and N2 fixation depends strongly on light. The ratio Ntot/Nd was negatively 
correlated with the O2 optima. Hence, a low energy status could result in the observed 
lowering of the O2 concentrations that allow maximum nitrogenase activity at station
3, the station with the lowest daily irradiance (Table 1). This is in agreement with the 
results found by Murry et al (1984). These authors found that the heterocystous 
cyanobacterium Anabaena cylindrica had lower O2 optima for N2 fixation when 
grown under light-limited conditions. This would imply that the high O2 optima found 
at station 1 and 2 might be caused by the combined effect of elevated O2 levels and an 
increased energy status of the heterocysts.
For a physiological interpretation of the results, it is necessary to understand the 
theoretical basis of the physiological and physical processes involved. The interior of 
the heterocyst is virtually anaerobic due to the low permeability of the cell wall in 
combination with high respiration rates (Haury and Wolk 1978; Walsby 1985). This 
implies that the respiration rate is limited by the diffusion of O2, resulting in a linear 
relationship between the external O2 concentration and the respiration rate. Hence, the 
ATP production should increase proportional to the external O2 concentration. 
Because at 20% O2 nitrogenase activity is stimulated by light, its activity in the dark is 
limited by ATP (Ernst et al. 1984a). The ratio of Ntot/Nd at 20% O2 was 2.3 in the 
dynamic gradient experiment (Fig. 3). A ratio of 2.3 indicates that 43% of the ATP 
that is needed to reach the maximum nitrogenase activity originates from respiration. 
When we picture the Nd value in a Michaelis Menten enzyme kinetic model of 
nitrogenase, its activity in the dark is below the half saturation value for ATP (Km). 
The fact that nitrogenase was not stimulated by the additional influx of O2, although 
the enzyme was not even half saturated by ATP, implies that another process than 
respiration must play a role in the O2 dependency of N2 fixation. We speculate that 
other O2-scavenging mechanisms are present in the heterocyst. To this end, it should 
be noted that some heterocystous cyanobacteria possess O2 uptake mechanisms that 
are not inhibited by cyanide and, hence, not associated with cytochrome oxidase- 
dependent respiration. It has been suggested that other enzymes than cytochrome 
oxidase are capable of transferring electrons to O2 in heterocysts (Houchins and Hind 
1982; Scherer et al. 1988b). Electron donors that have been proposed to be involved in 
the reduction of O2 include ferrodoxin (Houchins and Hind 1982) and cyanoglobin 
coupled to a terminal cytochrome oxidase (Thorsteinsson et al. 1999). Another 
mechanism that can reduce O2 is via the autoprotective pathway by nitrogenase itself 
(Bergman et al. 1997; Thorneley and Ashby 1989). However, these alternative 
pathways do not yield ATP. Moreover, autoprotection of nitrogenase is even at the
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expense of ATP, which could explain the decrease of N2 fixation activity at O2 
concentrations above the optimum. This decrease of nitrogenase activity in by O2 at 
saturating irradiances as well as in the dark, indicate that a competition for O2 and 
electrons exists between the different pathways, rather that the enzyme is inactivated. 
This was also suggested by the observation that the decrease of nitrogenase activity in 
the dynamic O2 gradients was reversible.
Competition between different O2 uptake mechanisms could also explain the 
hysteresis effect found for the different types of gradients in the dark. In order to be 
able to compete for O2, cytochrome oxidase must be in a reduced state. The relative 
amount of enzymes in their reduced state will depend on the reaction rate with O2 and 
the time required for the enzyme to become reduced again. This amount decreases 
when the supply of electrons is slower than the reaction rate with O2. A lowered 
amount of reduced cytochrome oxidases will result in a lower ATP yield per O2 
respired, because we assume that all O2 within the heterocyst is respired in order to 
maintain an anaerobic environment. When a down gradient is applied, a lower amount 
of cytochrome oxidase will be in a reduced state, relative to an up gradient in which a 
high amount is reduced. Therefore, in an up gradient there will be more reduced 
cytochrome oxidases to compete with the non-ATP yielding pathways others than 
cytochtome oxidase. These other pathways do not show an increase in the amount of 
reduced enzymes because processes like for example N2 fixation, which is active 
under anaerobic conditions, may oxidize them. This will result in a higher ATP yield 
at the same O2 concentration for up gradients. In the light, only part of the ATP is 
generated by respiration, which explains the absence of hysteresis under these 
conditions.
The formation of heterocysts is thought to be an optimal adaptation for diazotrophic 
growth in oxygenic phototrophic microorganisms (Gallon 2001). However, it seems 
that the formation of aggregates in natural conditions counteracts this optimization. 
Within an aggregate, the heterocysts will experience stronger O2 gradients, relative to 
single trichomes, due to its higher biomass concentration and the creation of a less 
turbulent environment. This will cause lower levels of O2 in the dark, when the O2 
optima are highest, while it will cause O2 over-saturation, when the O2 optima are 
lowest. Thus, in both situations, aggregation will result in less optimal conditions for 
N2 fixation, when compared to single trichomes. Therefore, we can conclude that 
concerning the oxygen regime, aggregation will decrease the daily N2 fixation rate. 
The effect of O2 on N2 fixation should be taken in account, when models are used to 
calculate the daily, depth integrated N2 fixation rate. Combining photosynthesis
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models with N2 fixation can do this, when O2 diffusion and aggregate sizes are 
included in the model.
Conclusions
This research demonstrated that N2 fixation in heterocystous cyanobacteria under 
aerobic conditions is fuelled in considerable part by respiration, even at saturating 
light. The results suggest that respiration coupled to a terminal electron transport 
chain is not the only O2-consuming process in the heterocyst. Other, not yet identified, 
O2-scavenging mechanisms must be present that do not yield ATP or even require 
energy. Moreover, it was demonstrated that O2 levels lower than in air could stimulate 
nitrogenase activity, but anoxic conditions were sub-optimal under all light 
conditions. Because O2 partial pressures may fluctuate considerably in natural 
communities of N2-fixing cyanobacteria, O2 dynamics and their effect on N2 fixation 
should be taken into account when estimates of N2 fixation in natural communities are 
made using models.
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T e m p e r a t u r e  s e l e c t s  a g a in s t  h e t e r o c y s t o u s  N 2-f ix in g
CYANOBACTERIA IN THE TROPICAL OCEANS 
Marc Staal, Filip Meysman and Lucas J. Stal
Abstract
While the non-heterocystous cyanobacteria Trichodesmium spp. are the 
dominant N2-fixing organisms in the tropical oceans, freshwater lakes and 
brackish environments such as the Baltic Sea are dominated by heterocystous 
species. To date, no satisfactory explanation for the absence of heterocystous 
cyanobacteria in the pelagic of the tropical oceans has been given. These 
organisms have evolved a seemingly perfect strategy to protect nitrogenase from 
inactivation by O2, enabling them to simultaneous fix N2 and perform 
photosynthesis. Nevertheless, Trichodesmium spp. is capable of the same, 
apparently without the need of differentiating heterocysts. Differences in Qi0* for 
O2 fluxes, respiration and N2 fixation activity, explain that non-heterocystous 
Trichodesmium spp. perform better than heterocystous species at higher 
temperature. Our results explain also, why these non-heterocystous 
cyanobacteria are not successful in temperate or cold seas. The absence of 
heterocystous cyanobacteria in the pelagic of temperate and cold seas requires 
another explanation.
Revised version is resubmitted to Nature
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Primary production in vast areas of the oceans is controlled by the availability of 
nitrogen and therefore, biological N2 fixation could overcome this limitation (Karl et 
al. 2002). Nevertheless, N2 fixation in the marine pelagic environment appears to be 
mainly restricted to the (sub) tropical regions. The organisms responsible for most of 
the N2 fixation in the tropical oceans are Trichodesmium spp., filamentous non- 
heterocystous cyanobacteria that form massive surface blooms when phosphate and 
iron are in sufficient supply (Berman-Frank et al. 2001a; Sanudo-Wilhelmy et al. 
2001). There are only a few reports that mention the presence of free-living 
heterocystous cyanobacteria in the marine pelagic environment (Carpenter and Janson
2001). This is remarkable because heterocystous cyanobacteria are considered as 
better adapted to diazotrophic growth than non-heterocystous species (Bergman et al. 
1997; Karl et al. 2002). The absence of heterocystous cyanobacteria in the marine 
pelagic environment contrasts strongly with freshwater lakes and brackish 
environments where they form dense water blooms, although they do occur in 
symbiosis with the planktonic diatom Rhizosolenea, as epiphytes on algae, and in 
benthic microbial mats (Hoffmann 1999). This shows that heterocystous 
cyanobacteria are capable of thriving in tropical marine environments.
Heterocysts differ in a number of aspects from vegetative cells. They have lost 
photosystem II and are therefore capable of neither oxygenic photosynthesis nor CO2 
fixation. Furthermore, they possess a thick glycolipid cell envelope that serves as a 
gas diffusion barrier, and hence, limits the influx of O2 (Walsby 1985). In 
combination with respiratory activity, a virtually anoxic intracellular environment is 
created in the cell, to which the O2-sensitive nitrogenase is confined. In addition to the 
scavenging of O2, respiratory activity also generates energy for the heterocysts in the 
dark. In the light additional energy is provided through photosystem I-mediated 
electron transport. Consequently, due to a limited influx of O2, ATP limits N2 fixation 
in the dark and at low irradiances, while at saturating irradiances, other factors may 
become limiting.
In contrast, Trichodesmium spp. has developed another strategy that allows aerobic 
diazotrophic growth. Unlike most other non-heterocystous cyanobacteria, 
Trichodesmium spp. fix N2 mainly during the daytime and in this respect it resembles 
heterocystous cyanobacteria. In analogy with heterocystous cyanbacteria, it has been 
suggested that Trichodesmium spp. also confine N2 fixation to specialized cells, the 
diazocytes (Berman-Frank et al. 2001b). Alltough these cells do not reveal the typical 
morphological characteristics of heterocysts such as the glycolipid cell envelope, they 
seem to lack an active photosystem II, while exhibiting high rates of respiration (Kana
1993). Moreover, diazocytes occur in clusters, which can be regarded as an additional 
strategy to achieve low internal levels of O2. Model calculations show that a ten-fold
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increase in the radius of a group of cells would decrease the volumetric respiration 
rate required to maintain anoxia by a factor hundred (Ploug et al. 1997). Together, 
these adaptations of diazocytes would decrease the intracellular O2 to such extent that 
N2 fixation can take place in the light.
This leaves us with two main questions regarding the global distribution of N2 
fixation: (1) why are heterocystous cyanobacteria not the dominant N2-fixing 
organisms in the tropical marine environment and (2) why are Trichodesmium spp. 
not able to thrive in marine, brackish or even freshwater environments in temperate 
and polar-regions. High turbulence (Howarth et al. 1993) and top down control 
(Howarth et al. 1996) have been proposed as forcing functions for the occurrence of 
heterocystous cyanobacteria, but fail to explain the difference in global distribution of 
the different types of N2 fixing cyanobacteria. Here, we propose that the possession of 
a glycolipid cell envelope as a diffusion barrier for O2, does not give an advantage in 
seawater at elevated temperature, and that heterocystous cyanobacteria are therefore 
out-competed by Trichodesmium spp. Our results also explain, why Trichodesmium 
spp. is not successful in temperate or cold seas.
temperature (oC)
Figure 1: Relationship of nitrogenase activity (acetylene reduction) versus temperature 
measured at 20% O2 in the dark (closed circles) and at saturating irradiances (open 
squares). Measurements were carried out on Nodularia spumigena (strain SN15A) 
cultured at 20°C (A) and at 25°C (B) and Trichodesmium sp. (strain IMS101) cultured at 
25°C (C).
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Measurements of nitrogenase activity by the acetylene reduction assay (ARA) in the 
heterocystous Nodularia spumigena strain SN15A and Trichodesmium sp. strain 
IMS 101 showed a temperature dependency of dark nitrogenase activity (Nd), which 
increased with temperature (Fig. 1). A Q10* of 1.16 was found for Nd in N. spumigena 
in the temperature range of 15-30 °C (Fig 1A+B), when grown at 20 °C and 25 °C, 
respectively. Trichodesmium sp. had a Q10* of 1.12 for Nd at the temperature range 20­
35 °C (Fig 1C) while the Q10* was 2.06 for the temperature range 15-20 °C.
In the light, photosynthetic electron transport adds to the respiratory ATP production 
and at saturating irradiances, nitrogenase will no longer be limited by ATP, and will 
achieve its maximum attainable activity (Ntot). Ntot can be considered as the potential 
nitrogenase activity (Staal et al. 2001). In N. spumigena, the highest Ntot was obtained 
at a temperature of 30-35°C. Hardly any light stimulation of nitrogenase activity was 
observed at temperatures of 10°C and below. Measurement of the temperature 
dependence of Ntot in N. spumigena grown at 20oC and 25 °C gave a Q10* of 
respectively 2.26 and 1.80 in the temperature range of 15-30 °C. For Trichodesmium 
sp. was the Q10* 2.05 in the range of 15-35 °C when cultivated at 25oC. These values
Temperature (oC)
Figure 2: Changes in the ratio of nitrogenase activity (acetylene reduction) at saturating 
irradiances (Ntot) and in the dark (Nd) with temperature. Nitrogenase activity was measured at 
20% O2. Measurements were carried out on Nodularia spumigena (strain SN15A) cultured at 
20°C (squares) and at 25°C (circles) and Trichodesmium sp. (strain IMS101) cultured at 25°C 
(open triangles)
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were all around the theoretical Qio of two (Stal and Walsby 2000).
The potential nitrogenase activity (Ntot) increased relatively more with temperature 
than Nd. Hence, the ratio of Ntot/Nd varied with temperature (Fig.2). This ratio is an 
indicator of the relative ATP limitation of nitrogenase activity in the dark (Staal et al.
2002). When Ntot/Nd is 1, ATP does not limit nitrogenase activity in the dark, because 
respiratory processes within the heterocysts are able to supply all ATP necessary, 
while for example, a ratio of 4 indicates that respiration covers only H of the ATP 
demand required for maximum N2 fixation. Thus, the observed increase of Ntot/Nd 
indicates an increased ATP limitation of nitrogenase in the dark and at lower 
irradiances with temperature. When N. spumigena was grown at 25°C and nitrogenase 
activity was measured at the same temperature Ntot/Nd was 2.5. This value was 3.8 
when N. spumigena was grown at 20oC but nitrogenase activity was measured 25°C 
(Fig. 2). Next to the experiments shown here, many Ntot/Nd ratios were measured at 
20°C on N. spumigena grown at 20°C and an average of 2.57±0.69 (n=18) was found. 
We also examined a total of 19 different heterocystous species, isolated from various 
marine, brackish and freshwater environments and maintained in our culture 
collection. These organisms were grown at 20°C and nitrogenase activity was 
measured at the same temperature. The average Ntot/Nd of all these organisms in the 
exponential growth phase was 2.88±0.77. Hence, it seems that there is an optimal 
Ntot/Nd in heterocystous cyanobacteria being in the range 2.5 -  3. This is higher than 
the Ntot/Nd found for Trichodesmium spp., 1.55 and 2.33 at respectively 20°C and 
25°C (Fig. 2).
We can speculate on how heterocystous cyanobacteria are capable to adjust Ntot/Nd in 
response to temperature. Decreasing Ntot is possible either by lowering the 
concentration of nitrogenase in the heterocyst or by the limitation of N2 fixation by 
reducing equivalents. Neither of these possibilities is very likely because they would 
decrease the fixation of N2 and therefore reduce the efficiency for heterocyst to fix 
nitrogen, what would greatly impair the organism’s success, although it might explain 
the different N2 fixation rates found for N. spumigena cultivated at different 
temperatures (Fig. 1). Improving the cell wall permeability is another option to 
change the Ntot/Nd ratio, because this would result in a higher influx of O2 and, 
consequently, increase Nd. Changes in cell wall thickness and permeability have 
indeed been observed in heterocystous cyanobacteria growing under different O2 
levels (Kangatharalingam et al. 1992; Murry and Wolk 1989). If the increase in 
permeability of the envelope of the heterocyst were the strategy to respond to an 
increase in temperature, it would mean that the formation and maintenance of a 
heterocyst eventually looses its selective advantage over non-heterocystous 
cyanobacterium such as Trichodesmium sp., which do not have a gas diffusion barrier.
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Now we have identified that the flux of O2 into heterocysts and diazocytes is crucial 
for the regulation of N2 fixation we will consider the factors on which it depends. The 
flux of O2 into a cell (J) is a function of: (1) the external concentration of O2 (C«,), (2) 
the gas diffusion coefficient (D2), (3) the heterocyst radius (R0), (4) the thickness of 
the glycolipid layer (L), (5) the efficiency of the glycolipid layer as a gas diffusion 
barrier (s), (6) the thickness of the diffusion boundary layer (Rb) and the heterocyst 
radius without the glycolipid layer (R1) (Ploug et al. 1997; Walsby 1985; Wolk et al.
1994). When we assume that the thickness of the diffusive boundary layer around the 
heterocyst independent of temperature or salinity, and that the form of the cell (or a 
cluster of cells) is a sphere, it is possible to calculate the flux of O2 into a cell by 
applying the following equation (for the derivation of the model, see appendix 1):
The external concentration of dissolved O2 and the gas diffusion coefficient are both 
dependent on salinity and temperature. The concentration of dissolved O2 is 
negatively correlated with temperature and salinity, while the diffusion coefficient is 
respectively positively and negatively correlated with these parameters.
O2 fluxes were calculated for a series of external dissolved O2 concentrations and 
diffusion coefficients at a variety of different temperatures and salinities. From these 
calculations the Q10* values for the O2 fluxes were derived. These calculations showed 
that, despite the lower concentration of dissolved O2 at increasing temperature (Q10* 
~0.84), the flux of O2 into a cell increased with a Q10* ~1.08 assuming Q10* 8=1. The 
reason for this is that the diffusion coefficient increases also with temperature (Q10* 
~1.3). The increased flux of O2 will increase respiration correspondingly, and 
consequently, allow the generation of more ATP. The Q10* of Nd in N. spumigena was 
a little higher than expected on the basis of the increase of the flux of O2. Since the 
component:
——  I of equation (1) is independent on temperature and
v L )
Q10* (J) = Q10* (8)* Q10* (D2)* Q10* (C„), the Q10*for 8 should be ~1.06, in order to 
explain the difference between the measured and theoretical value. This value is close 
to 1 and therefore we assume that the effect of temperature on the diffusion efficiency 
through the cell wall is small in the temperature range 15-30°C.
Since, the actual rate of respiration is limited by the influx of O2, the respiratory 
potential should increase with a Q10* of at least 1.16. More likely, the Q10 of
(1),
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respiration will be around the theoretical value of 2 (Davison 1991; Stal and Walsby
2000). In cultures of N. spumigena, O2 optima for N2 fixation went up at higher 
temperature (Table 1). Because the O2 optima partly depends on the respiratory 
potential within the N2 fixing cells, this indicated that the potential for respiratory 
electron transport and, hence, the potential production of ATP, increased with a Q10* 
higher than 1.16. The effect of the difference in Q10* between the O2 flux with a Q10* 
of 1.16 (equals Nd) and a respiratory system with a Q10 of 2 is visualized in Fig. 3. 
This figure shows that temperature responses curve of Nd may be composed of two 
phases; the first in which the respiration rate is limiting (at temperatures below the 
temperature of the intercept) and the second in which the O2 supply is limiting (at 
temperatures above the intercept). When the respiration rate is limiting, anoxia can no 
longer be maintained and nitrogenase will be irreversibly inactivated.
Table 1: O2 optima for nitrogenase activity (acetylene reduction) measured in N. spumigena 
(strain SN15A) and Trichodesmium sp. (strain IMS101) at different temperatures at non­
saturating irradiances and in the dark.
Organism Temperature Irradiance (pmol photons m-2 s-1)
°C Dark 10 20 40
N. spumigena 15 20 10 5 0
20 >30 >30 30 10
25 >30 >30 30 10
30 >30 >30 >30 30
Trichodesmium sp. 25 10 5-2.5 2.5-0 0
The lower Ntot/Nd for Trichodesmium spp. indicates that this organism depends 
stronger on respiration for its ATP than heterocystous cyanobacteria. Furthermore it 
was found that the O2 optimum for N2 fixation in Trichodesmium sp. was ~10% O2 at 
25°C (table 1). As a result of the differences in Q10* for the respiratory system and the 
flux of O2, Trichodesmium sp. will not be able to maintain anoxia in the N2-fixing 
cells when the temperature is lowered. Linear fitting of the Ntot and Nd in the 
temperature curves showed that the intercepts of these lines were found at 16°C and 
11-12°C for respectively Trichodesmium sp. and N. Spumigena. This coincides with 
the distribution of Trichodesmium spp. in the ocean (Karl et al. 2002). The same
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seems to be true for N. spumigena, which proliferates in the Baltic Sea when the water 
temperature rises above 10°C.
Temperature (°C)
Figure 3: Theoretical enzyme activity curves with a Qi0 of 2 (solid line) and a Qi0 of 1.14 
(dashed line). The closed circles indicate the theoretical activity curve, which will be 
measured according the theory. The open circles show the measured Nd value in N. 
spumigena grown at T=20°C.
Using equation 1, it was calculated that the flux of O2 increases at different salinities 
with ~25% when the salinity is decreased from 35 (seawater) to 0 (freshwater). This 
emphasizes the necessity of possessing an efficient diffusion barrier for the N2-fixing 
cell in fresh- or brackish waters and explains the presence of heterocystous 
cyanobacteria in these environments at higher temperatures. It is also striking that the 
presence of the heterocystous cyanobacteria in the few known tropical marine systems 
coincide with environments which are expected to be regularly over-saturated with O2 
during the daytime, due to high rates of photosynthesis in combination with low rates 
of diffusion.
Our results support a satisfactory explanation for the presence of the non- 
heterocystous cyanobacteria Trichodesmium spp. in the (sub) tropical oceans and their 
absence in temperate and cold seas as well as freshwater and brackish environments. 
While we have also provided an explanation for the exclusion of free-living 
heterocystous cyanobacteria in the N-depleted euphotic zone of the pelagic tropical 
ocean, it fails to explain why these organisms are virtually absent from temperate and
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polar marine waters. Although primary production in these waters is generally 
considered to be N-limited, the data available to date do not indicate that N2 fixation 
takes place in temperate and polar seas at any significant rate. Apparently, other 
factors prevent the proliferation of N2-fixing cyanobacteria in these environments. We 
can speculate about possible candidates such as the availability of iron or phosphorus 
but a sound explanation cannot be offered to date.
Methods
The heterocystous cyanobacterium Nodularia spumigena (SN15A), isolated in 1993 
from the Baltic Sea by P.K. Hayes (University of Bristol, UK), was grown at 20oC 
and 25oC in a medium free of combined N, composed of 1 part ASN3 and 2 parts BG
11 (Rippka 1979), giving a salinity of 11. For comparison, nitrogenase activity was 
measured in another 18 heterocystous cyanobacteria isolated from various marine, 
brackish and freshwater environments, and maintained in our culture collection at 
NIOO. Trichodesmium sp. (IMS101), isolated by L. Prufert-Bebout (Prufert-Bebout 
et al. 1993) and provided by H.W. Paerl (IMS, Morehead City, NC, USA), was grown 
at 25°C in YBC II medium (Chen et al. 1996).
Nitrogenase activity was measured using an on-line acetylene reduction assay 
(ARA)(Staal et al. 2001). Ethylene was measured using a gas chromatograph 
equipped with a FID.
Nitrogenase-versus-irradiance curves were performed with the cyanobacteria 
immobilized on glass fibre filters (GF/F Whatman) in a gas tight incubator (Staal et 
al. 2001). Temperature was controlled by a circulating water-bath (Haake DC3+K20). 
For each temperature at which a measurement was done, nitrogenase-versus- 
irradiance curves were recorded at 20% O2. A slide projector (equipped with a 250W 
halogen lamp) with a set of 10 neutral density filters (Balzers, Belgium) was used as 
light source, and created a series of exponentially increasing photon irradiances from 
0 -  1600 ^mol m-2 s-1. Light response curves were fitted in Microcal™ Origin 6.0 
(Microcal Software Inc.) by non-linear least of squares fitting, using the Levenberg­
Marquardt algorithm, with the rectangular hyperbola model(Talling 1957):
N m a l
Nm +aI
+ N d
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where Nd ( |imol C2H4 (mg Chl a)-1 h-1) denotes the nitrogenase activity measured in 
the dark, Nm ( |imol C2H4 (mg Chl a)-1 h-1) represents the nitrogenase activity at 
saturating irradiances minus Nd, a  (^mol C2H4 (mg Chl a)-1 h-1(^mol photons m-2 s-1)- 
1) is the light affinity coefficient for nitrogenase activity, and I  the photon irradiance 
(^mol m-2 s-1). The parameters Nd and Nm were obtained from the fit using the model 
above. The nitrogenase activity at saturating irradiances, Ntot, was calculated by 
summing Nd and Nm (Staal et al. 2002).
The O2 optima of ARA at the different incubation temperatures were determined by 
measuring N2 fixation at different O2 concentrations (0, 2.5, 5, 10, 20 and 30% O2) 
per irradiance.
The concentration of O2 in the medium and the diffusion coefficients used in equation 
(1) were taken from the tables of Seawater and Gases (Ramsing and Gundersen). The 
model parameters for the boundary layer thickness and cell diameter were arbitrary 
values. The robustness of the model towards these parameters was tested. Changing 
their values did not alter the relative fluxes at the different salinities and temperatures.
Q10* was calculated by fitting the temperature response curves with the equation 
Y=Y0exp(XT) where after Q10* =exp(X10). The Q10* for Trichodesmium IMS 101 in 
the temperature interval 15-20 was estimated with a linear function, because an 
exponential fit through 2 points may be a source of erroneous results.
The filters containing the cyanobacteria were lyophilised and stored at -80oC until 
analysis. Chlorophyll a was extracted with 96% ethanol for 24 h in the dark. 
Absorption was read at 665 nm using a spectrophotometer. The concentration of 
chlorophyll concentration was calculated using an absorption coefficient of 72.3 ml 
mg-1 cm-1.
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Appendix 1 
Model development
We consider a spherical coordinate system, where r denotes the distance from the 
origin (i.e. the centre of the heterocyst). The heterocyst itself is idealized as a 
spherical body of inner radius Ri . The glycolipid layer around the heterocyst is of 
thickness LG, so the outer radius of the heterocyst amounts to Ro = Ri + L . The 
distribution of oxygen is described in two different zones: the glycolipid layer (zone 
1) and the diffusive boundary layer round the heterocyst (zone 2). To each zone we 
can apply the mass conservation equation
C =-L  d
dt r2 dr
2 D dC r D —  
dr + R [1]
where C denotes the oxygen concentration and R the consumption rate of oxygen at 
a particular point. To simplify [1] no oxygen consumption is thought to occur in the 
glycolipid layer. Similarly, no oxygen is consumed in the diffuse boundary layer 
around the heterocyst. Furthermore, the overall mass exchange process is assumed in 
steady-state. With these assumptions, equation [1] reduces to
.1
r2 dr
2 D dC r D —  
dr
= 0 [2]
in zones 1 and 2. The general solution to this second-order homogeneous differential 
equation is given by (Boudreau, 1997)
C (r ) = - - + B [3]
r
where A and B denote integration constants that need to be determined via an 
appropriate set of boundary conditions. Equally, the associated oxygen flux at a 
particular point is given by
dC
J  (r ) = -4n r2 D ----= -4n DA [4]
dr
Boundary conditions
Far from the heterocyst, the oxygen concentration approaches the bulk concentration 
of the water. We assume a boundary layer of finite thickness, i.e. the oxygen 
concentration approaches the bulk concentration Cw at some distance RB
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C l =Rb = C [5]
Inside the heterocyst, oxygen consumption is assumed sufficiently high to maintain a 
zero concentration value at the inner surface R  of the glycolipid layer
C |, = Ri = 0 [6]
Finally, at the interface between the glycolipid layer and the surrounding water, the 
continuity of both concentration and flux are stated
lim C = lim C [7]
lim J  = lim J [8]
Model solution
Implementation of the boundary conditions [5]-[8] and the model equations [3]-[4] 
leads to following set of equations
-  A  + Bj = 0
R
[9]
R
[10]
Ai D A2— L + B = ----1 + B2
Ro Ro
[11]
D1A1 = D2 A2 [12]
where the subscripts 1 and 2 designate the particular zone in which the coefficients A 
and B are valid. Furthermore, the diffusion efficiency s of the glycolipid layer is 
introduced as a scaling factor relative to the diffusion coefficient in the surrounding 
water i.e. D1 =sD2. Upon combination of these equations, one obtains
A1 = C,
1 1
- s
o J
[13]
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Upon substitution of [13] into [4], one obtains that the total flux JT through an 
arbitrary shell around the heterocyst attains the constant value
JT = 4nS D2C»
1 1
r b r
[14]
o J J
When the diffusion coefficient inside the glycolipid layer is severely restricted, i.e. 
D1 «  D2 or equally s «  1, then expression [14] reduces to
JT = 4ns D2Ck = 4ns D C  I RRo2 L [15]
Visual representation of the heterocyst model
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M a x im u m  r a t e s  o f  N 2 f ix a t io n  a n d  p r im a r y  p r o d u c t io n  a r e  o u t
OF PHASE IN A DEVELOPING CYANOBACTERIAL BLOOM IN THE BALTIC 
SEA.
Gallon, J. R. Evans, A. M., Jones, D. A.,Albertano, P., Congestri, R., Bergman, 
B., Gundersen, K., Orcutt, K. M., K. von Bröckel, P. Fritsche, M. Meyerhöfer, K. 
Nachtigall, U. Ohlendieck, S. te Lintel Hekkert, K. Sivonen S. Repka, L. J. Stal 
and M. Staal
Abstract
Although N2-fixing cyanobacteria contribute significantly to oceanic 
sequestration of atmospheric CO2, little is known about how N2 fixation and 
carbon fixation (primary production) interact in natural populations of marine 
cyanobacteria. In a developing cyanobacterial bloom in the Baltic Sea, rates of 
N2 fixation (acetylene reduction) showed both diurnal and longer-term 
fluctuations. The latter reflected fluctuations in the nitrogen status of the 
cyanobacterial population and could be correlated with variations in the ratio of 
acetylene reduced to 15N2 assimilated. The value of this ratio may provide useful 
information about the release of newly fixed nitrogen by a cyanobacterial 
population. However, whilst the diurnal fluctuations in N2 fixation broadly 
paralleled diurnal fluctuations in carbon fixation, the longer-term fluctuations in 
these two processes were out of phase.
Published in Limnology and Oceanography (2002) 47 (5) :1514-1521
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Introduction
Marine cyanobacteria make a major contribution to both the global carbon 
(Waterbury et al. 1979) and nitrogen (Capone et al. 1997; Zehr et al. 2001) cycles. 
Indeed, the activity of N2-fixing marine cyanobacteria may be a key factor influencing 
the ability of the oceans to sequester atmospheric CO2 (Falkowski 1997). However, 
these organisms can also have a negative effect on the environment. For example, 
every year, massive blooms of N2-fixing cyanobacteria occur in the Baltic Sea (Kahru 
et al. 1994) and, when they decay, they can have a damaging effect on fish stocks and 
an adverse effect on the recreational use of the Baltic coastal zone (Edler et al. 1985; 
Sellner 1997). Here we describe a detailed study made on a cyanobacterial bloom in 
the Baltic Sea during the summer of 1998 as part of the development of an integrated 
model that will enable us to predict how growth, primary productivity, N2 fixation and 
toxin production might respond to a changing environment. Our findings shed new 
light on how rates of N2 fixation and primary production might fluctuate in a bloom of 
Baltic cyanobacteria, the extent to which these processes are coupled and how these 
fluctuations may affect measurements of N2 fixation. In addition, a rational 
explanation is proposed for the wide variations observed between estimates of N2 
fixation based on acetylene reduction and on 15N2 assimilation (Peterson and Burris 
1976b; Montoya et al. 1996).
Methods
Sample station, and water chemistry: The experiment was carried out between 6 - 11 
July 1998 by following a drifting array with an attached sediment trap at 33 m. The 
study site was at 56° 18' N, 19° 05' E, south-east of the Swedish island of Gotland. 
The experimental measurements were made over three 24 h periods, starting 
respectively at 04:00 (local time) on 6 July (Day 1), 8 July (Day 3) and 10 July (Day 
5). Analysis of the water for NO3-, NO2-, NH4+ and dissolved inorganic P was 
performed as described by Grasshoff (1976), using samples collected in 5 L bottles 
connected to a conductivity, temperature and depth (CTD)-rosette sampler (General 
Oceanics, Miami, FL, USA).
Sampling: During each experimental day, samples were collected by a vertical tow 
every 4 h from three different depths (0 - 7 m, 7 - 14 m, 14 - 21 m), using a 100 ym 
Apstein plankton net fitted with a closing device (Hydrobios, Kiel, Germany). This
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ensured that the large aggregates of N2-fixing cyanobacteria were collected, but 
excluded the smaller unicellular cyanobacteria. Collected samples were suspended in
2 L of filtered (Whatman GF/F, 47 mm) seawater. Aliquots were then removed for the 
various analyses described below. Where analyses were not performed immediately, 
samples were immediately frozen and remained frozen during transportation to the 
laboratory.
Analysis of cyanobacterial cells: Particulate organic carbon (POC) and particulate 
organic nitrogen (PON) were measured on 50 ml samples using the improved 
methods of Sharp (1974), chlorophyll a (Chl a) as described by Barlow et al. (1997) 
and phycobiliproteins (PBP) as described by Bennett & Bogorad (1973). The 
intracellular ratio of glutamine to glutamate (GLN:GLU) was measured by analysis of 
50 ml of cyanobacterial material that had been retained on a 20 ym filter and 
suspended in 1 ml of deionized water (Flynn 1988). For SDS/PAGE and Western 
immunoblotting of the Fe-protein of nitrogenase, 50 ml samples were collected on a 
20 ym filter and suspended in 0.5 ml of 10 mM Tris-HCl buffer (pH 8.0) containing 1 
mM EDTA and 25 g L-1 SDS. The samples were then boiled for 5 min and frozen for 
transportation to the laboratory. After thawing, 2-mercaptoethanol was added to 50 g 
L-1 and bromophenol blue to 0.1 mg L-1. The samples were then sonicated for 5 min 
(Reade et al. 1999), reboiled for 5 min and centrifuged at 13000 g for 2 min. 
SDS/PAGE and Western blot analysis were performed on the supernatant as 
described by Reade et al. (1999).
N2 fixation: Acetylene reduction was measured on board using the method of Gallon 
et al. (1993) as described by Evans et al. (2000). Samples (2 ml) were incubated on 
deck in sealed 10 ml glass vials in an incubator that was maintained at the temperature 
of the surface water, either at the in situ photon flux density (achieved using natural 
illumination and neutral density filters), or under saturating illumination of 100 ymol 
photons m-2 s-1 (provided by Osram white fluorescent lights) during the period of 
assay. Assimilation of 15N2 was measured under identical conditions using completely 
filled, sealed 250 ml Duran glass bottles as described by Montoya et al. (1996). For 
measurement of the response of acetylene reduction to photon fluence rate, the 
continuous flow system described by Staal et al. (2001) was used.
Primary production: Samples (100 ml) were incubated for 4 h with 0.26 MBq (0.11 
ymol) NaH14CO3 in sealed 250 ml acid-washed polycarbonate Erlenmeyer flasks. The 
conditions of incubation were as described for acetylene reduction. Primary 
production was then measured according to Fitzwater et al. (1982).
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Results and Discussion
At the sample site, day length was about 17.5 h while the weather conditions were 
variable, being cloudy and stormy on Day 1, sunny and breezy on Day 3 and cloudy 
and breezy on Day 5 (see Table 1). Above the thermocline, which occurred between 
15 m and 40 m below the surface, the water column had a temperature close to 13 °C 
throughout the experimental period. Despite the rough weather during Day 1, there 
was no evidence that extensive mixing had occurred below 15 m. Moreover the drift 
track was unaffected by surface weather conditions. The extinction coefficient of the 
water column was 0.353, so that at 3.5 m (the average depth for the 0 - 7 m fraction), 
the prevailing irradiance was 65 % of that at the surface. For depths of 10.5 m 
(average depth for the 7 - 14 m fraction) and 17.5 m (average depth for the 14 - 21 m 
fraction), the equivalent values were 7.5 % and 0.9 % of surface irradiance 
respectively.
Table 1. Physical conditions and water chemistry at the sample site in the Baltic Sea.
Day 1 Day 3 Day 5
(6 July 1998) (8 July 1998) (10 July 1998)
Total quantum flux (mol m-2) 30.8 30.8 30.8 57.4 57.4 57.4 32.8 32.8 32.8
Average wind speed (m s-1) 9.3 9.3 9.3 3.4 3.4 3.4 4.2 4.2 4.2
Depth(m) 4 9 20 4 9 20 4 9 20
Temperature (°C) 13.7 13.7 11.9 13.0 12.9 9.4 13.4 13.3 9.8
Nitrate (^M) 0 0 0.04 0.02 0.05 0.06 0.03 0.02 0.02
Nitrite (^M) 0.05 0.06 0.07 0.03 0.05 0.03 0.05 0.04 0.03
Ammonium (^M) 0.04 0.05 0.05 0.04 0.06 0.12 0.06 0.08 0.08
Phosphate (^M) 0.11 0.12 0.16 0.11 0.08 0.15 0.08 0.08 0.09
Nutrient analysis of the water (Grasshoff 1976) revealed that there were no substantial 
fluctuations in the concentrations of NO3-, NO2- and NH4+ (Table 1). Dissolved 
inorganic P was significant, but not high. Some fluctuations were observed, but these 
were not consistent. The relative constancy of these nutrients supports the view that a 
single body of water had been followed throughout the experiment. The ratio of 
dissolved inorganic N to dissolved inorganic P was consistently less than 2. This
113
Chapter 8: unbalanced N2 and CO2 fixation rates
value is well below the Redfield ratio of 16 and implies that growth of N2-fixing 
cyanobacteria might be expected.
Biomass data (POC, Chl a, PBP) all supported the view that most of the large 
cyanobacteria were in the upper 0 - 7 m of the water column (Table 2). There was a 
large accumulation of material in the upper zone by the end of the experiment, as was 
confirmed visually by the accumulation of cyanobacteria at the water surface. It 
appeared, therefore, that the period of the experiment coincided with the formation of 
a surface cyanobacterial bloom. The biomass in the upper layer approximately 
doubled between Day 1 and Day 5. This increase was too great to be explained simply 
by upward drift of cyanobacteria from the deepest zone, which showed a decline of no 
more than 32% over the same period (Table 2). It seems most likely, therefore, that 
the increase in biomass largely reflected synthesis of new cells, though the possibility 
of lateral advection cannot definitely be excluded. This increase in cyanobacterial 
biomass was due mainly to an increase in the toxic heterocystous cyanobacterium, 
Nodularia spumigena (Barker et al. 1999). Between Days 1 and 5, the population of N  
spumigena (56.6% of the cyanobacterial biovolume on Day 1) and Anabaena sp 
(1.4% of the cyanobacterial biovolume on Day 1) increased by a factor of 4.7 and 3.9 
respectively, whilst that of Aphanizomenon sp (42.2% of the cyanobacterial 
biovolume on Day 1) increased by a factor of only 1.5 (Congestri et al. 2000).
Table 2. Markers of cyanobacterial biomass in a cyanobacterial bloom in the Baltic Sea. 
Particulate organic carbon (POC), particulate organic nitrogen (PON) and chlorophyll a (Chl 
a) are expressed as mg m-2; phycobiliproteins (PBP) as pg m-2.
Day 1 Day 3 Day 5
POC PON Chl a PBP POC PON Chl a PBP POC PON Chl a PBP
0 - 7 m 11.2 1.70 1.45 36.7 14.1 2.37 1.53 51.2 22.9 3.91 2.41 88.9
7 - 14 m 8.37 1.32 0.59 16.7 6.32 1.07 0.78 31.6 8.36 1.47 0.84 22.6
14 - 21 m 5.71 0.96 0.41 16.3 3.88 0.74 0.22 14.8 3.88 0.70 0.43 14.6
Under in situ conditions, highest specific rates of N2 fixation, measured using the 
acetylene reduction technique, were found in the upper 7 m of the water column, with 
peak activity occurring between 12:00 and 20:00 each day (Fig 1a). N2 fixation was
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consistently low (though not absent) during the hours of darkness. In cells sampled 
from depths of 7 - 14 m, rates of N2 fixation were lower but the overall pattern of 
activity was similar to that in cells from the upper layer (Fig 1c). Cells from the 
lowest depth (14 - 21 m) showed lowest nitrogenase activity per unit Chl a and 
smaller fluctuations in activity (Fig 1e). The fact that Baltic cyanobacteria exhibited 
nitrogenase activity during the dark period, and also at depths where the prevailing 
level of illumination was low, suggests that cells can sustain N2 fixation, at least to a 
limited extent, by metabolic processes that operate in the dark.
Over and above the observed diurnal fluctuations, however, rates of acetylene 
reduction per unit Chl a were high on Day 1, but declined during Days 3 and 5. This 
was especially obvious in cells sampled in the depth range 0 - 7 m.
Table 3. Parameters relating to the response of acetylene reduction to photon fluence rate for 
cyanobacteria sampled from a bloom in the Baltic Sea. Samples were collected from the depth 
ranges indicated on 9 July 1998 at 04:00. Acetylene reduction was measured over the 
irradiance range 0 - 877 pmol m-2 s-1.
0 - 7 m 7 - 14 m 14 - 21 m
Ik (ymol m-2 s-1) 25.7 30.2 16.4
Ntot (^mol h-1 mg -1 Chl a) 22.00 12.63 4.94
Nd (^mol h-1 mg -1 Chl a) 9.49 5.12 2.29
For all sample depths, the specific rates of acetylene reduction (normalised to Chl a) 
were maximal above a photon flux density of 100 ymol m-2 s-1. However, the value of 
IK varied with sample depth (Table 3). The maximum surface irradiance recorded 
during the experiment was 2122 ymol m-2 s-1, observed between 12:54 and 13:00 on 
Day 3. This corresponds to 1379 ymol m-2 s-1 at 3.5 m, 159 ymol m-2 s-1 at 10.5 m and 
19 ymol m-2 s-1 at 17.5 m so, at least down to 10.5 m, Baltic Sea cyanobacteria would 
receive sufficient illumination to support maximum rates of N2 fixation for at least 
part of the day. Nevertheless, in samples from deeper waters, the specific rates of 
nitrogenase activity, measured either under saturating illumination or in the dark, 
were always lower than the corresponding rates seen in samples from surface waters 
(Table 3). This was particularly apparent in cells sampled below the mixed layer but 
was also seen in the fraction from 7 -  14 m, implying rapid adaptation to the intensity 
of illumination at the depth from which they were sampled. This behaviour may 
reflect physiological
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Fig 1. N2 fixation (acetylene reduction) by cyanobacteria sampled from a bloom in the Baltic 
Sea between 6 and 11 July 1998 (Days 1 - 5). Samples were collected by vertical tows 
between (a, b) 0 - 7 m, (c, d) 7 - 14 m and (e, f) 14 - 21 m, resuspended in filtered seawater 
and incubated (a, c, e) either at the in situ photon flux density, or (b, d, f) under saturating 
illumination of 100 pmol photons m-2 s-1 during the period of assay. In Fig 1a, solid circles 
show acetylene reduction in the absence of additions while open circles show acetylene 
reduction in the presence of 0.1 mg ml-1 chloramphenicol, added at the start of each 
incubation. Zero time corresponds to 00:00 (local time) on 6 July 1998. The shaded areas and 
their associated dotted lines represent night-time during the experimental period.
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differences between cyanobacteria at different depths or it may be that a large part of 
the biomass (Chl a) collected from deeper waters does not contribute to N2 fixation. 
Even when sampled cyanobacteria were incubated under saturating illumination at 
100 pmol photons m-2 s-1 during the period of assay, nitrogenase activity was often 
lower at night than during the day (Figs 1b, d, f). This suggests that the amount of 
nitrogenase per unit Chl a may vary during a 24 h cycle in these populations. In the 
case of the Fe-protein of nitrogenase, this was demonstrated directly by SDS/PAGE 
coupled to immunoblotting, which showed that intracellular concentrations of this 
protein were highest in N  spumigena during the morning and lower during the 
afternoon and evening, though the Fe-protein never completely disappeared from cells 
even during the dark period (Fig 2). Furthermore, 0.1 mg ml-1 of chloramphenicol (an 
inhibitor of protein synthesis) was more inhibitory to N2 fixation during the morning 
than at any other time (Fig 1a), implying that nitrogenase was being actively 
synthesized during this period. Significantly, however, the maximum rates of 
nitrogenase activity, seen under illumination at 100 pmol photons m-2 s-1, did not 
appear to be much higher in samples from 0 - 7 m on Day 1 than on Days 3 and 5 (Fig 
1b). This implies that the lower activity seen during Days 3 and 5 when cells were 
assayed under in situ conditions (Fig 1a), reflected a relative decrease in the rate of N2 
fixation independent of the amount of enzyme per cell. In contrast, however, the 
smaller decline in activity seen in samples from deeper waters as the experiment 
progressed was observed both under in situ conditions and under saturating 
illumination (Figs 1c-f).
Local time: 04:00 08:00 12:00 16:00 20:00 00:00 04:00
6 July 1998 7 July 1998
Fig 2. Western immunoblot after SDS/PAGE of extracts of Nodularia spumigena collected at 0 - 7 m 
from a bloom in the Baltic Sea on 6 - 7 July 1998 (Day 1). Each sample contained 25 pg of protein and 
the blot was developed using antisera to the Fe-protein of nitrogenase from Rhodospirillum rubrum. The 
two forms of the Fe-protein that react with the antisera have approximate Mr values of 38500 (upper 
band) and 36000 (lower band).
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As in other cyanobacteria, the Fe-protein of nitrogenase from N  spumigena could be 
resolved by SDS/PAGE into two forms of different Mr (Fig 2). The larger form was 
consistently less abundant than the smaller form and there was no evidence that the 
relative concentrations of the two forms varied during the 24 h period of study. It 
would be premature, therefore, to suggest that the observed fluctuations in nitrogenase 
activity were related to any shift between different forms of the Fe-protein, as has 
been suggested for Anabaena variabilis (Ernst et al. 1990b), Oscillatoria limosa 
(Villbrandt et al. 1992) and Trichodesmium (Zehr et al. 1993).Acetylene reduction is 
used universally as a means of measuring N2 fixation (Turner and Gibson 1980). It 
relies upon the fact that nitrogenase is the only enzyme that reduces acetylene to 
ethylene. As discussed by Montoya et al. (1996), the theoretical ratio between the rate 
of acetylene reduction and that of reduction of N2 is 4:1. However, when rates of 
acetylene reduction are compared directly with rates of N2 fixation determined from 
incorporation of 15N2 into cellular material, the ratio of acetylene reduced to 15N2 
incorporated frequently deviates from this theoretical value (Peterson and Burris 
1976b; Turner and Gibson 1980). In this study, a natural population of Baltic 
cyanobacteria gave a high value for this ratio (up to 20:1) during Day 1, though 
during Days 3 and 5, the ratio declined towards its theoretical value of 4 (Fig 3).
Measurement of N2 fixation using 15N2 depends upon analysis of 15N incorporated 
into cells. Any released 15N would not be taken into account. Thus, if the population 
under investigation was releasing a portion of its newly fixed nitrogen, the 15N assay 
would underestimate the actual amount of N2 fixed. Measurement of nitrogenase 
activity by acetylene reduction does not suffer from this disadvantage so, under these 
circumstances, the measured ratio of acetylene reduced to 15N2 incorporated would 
become greater than the theoretically expected. In support of such an explanation for 
the high value of this ratio during Day 1 of the present study, there is evidence that, 
when fixing N2, cyanobacteria, including N  spumigena (A M Evans, unpublished 
findings), release nitrogenous material, notably as NH4+ (Mulholland and Capone
2001) and amino acids (Flynn and Gallon 1990; Glibert and Bronk 1994).
The observation that Baltic cyanobacteria fix more N2 than is needed to support their 
estimated rate of growth (Larsson et al. 2001), suggests that they also release newly 
fixed nitrogen in situ. Thus, the high rate of nitrogenase activity during Day 1 (Fig 1a) 
may well result in a large release of newly fixed nitrogen. In contrast, release of fixed 
nitrogen would be much lower during Days 3 and 5. Underestimation of the true rate 
of N2 fixation by the 15N2 assay would therefore be much greater during Day 1 than 
during Days 3 and 5, and could explain the high ratios of acetylene reduced to 15N2
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The Fig 3. Relationship between 
acetylene reduction and 
assimilation of 15N2 in 
cyanobacteria sampled from a 
bloom in the Baltic Sea between 6  
and 11 July 1998 (Days 1 - 5). 
Samples were collected at 0 - 7 m. 
Meas urements of (a) acetylene 
reduction, (b) assimilation of 15N2 
(c) the ratio of acetylene reduced to 
15N2 incorporated and (d) the 
intracellular ratio of glutamine to 
glutamate (GLN:GLU) were all 
made at the in situ photon flux 
density. Zero time corresponds to 
00:00 (local time) on 6  July 1998. 
The shaded areas and their 
associated dotted lines represent 
night-time during the experimental 
period while the horizontal dashed 
line in c represents the theoretical 
value (4:1) of the ratio between 
acetylene reduced and 15N2 
incorporated.
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incorporated seen during Day 1. To the best of our knowledge, this is the first 
demonstration that the ratio between acetylene reduction and 15N2 incorporation may 
vary with time in a specific natural population of cyanobacteria, and also that this 
variation may have a physiological basis. These findings also suggest that, whilst 15N 
analysis accurately measures incorporation of 15N2 into cellular material, 
measurements of acetylene reduction more truly reflect the gross rate of N2 fixation.
The amino acids glutamate and glutamine constitute the primary link between N- 
metabolism and C-metabolism, and monitoring of the intracellular concentrations of 
glutamate and glutamine can provide a sensitive means of assessing the N-status of 
cells. The ratio of glutamine to glutamate (GLN:GLU) is higher in N-replete cells 
than in N-stressed cells (Flynn et al. 1989) and, in N2-fixing cyanobacteria, responds 
rapidly to changes in intracellular N-status. For example, addition of 0.1 mM NH^Cl 
to N2-fixing cultures of Gloeothece dramatically increased the GLN:GLU ratio within
1 h (Flynn and Gallon 1990). In the present study, the cyanobacteria sampled at 0 - 7 
m showed a clear difference in their GLN:GLU ratio between Day 1 and Days 3 and 5 
(Fig 3d). The GLN:GLU ratio increased in the dark period at the end of Day 1, 
suggesting the population had become relatively N-replete, probably because of the 
high rates of N2 fixation that were observed during that day (Fig 3a). This would also 
explain how cells might be able to release amino acids at that time, and thereby the 
high values of the ratio of acetylene reduced to 15N incorporated seen during Day 1 
(Fig 3c). In addition, the dramatic decline in the GLN:GLU ratio that occurs between 
10:00 and 14:00 on Day 1 (Fig 3d) correlates well with the peak value of the ratio of 
acetylene reduced to 15N incorporated (Fig 3c) and might therefore reflect a release of 
newly fixed nitrogen, resulting from the high rates of nitrogenase activity (acetylene 
reduction) observed during the preceding few hours (Fig 3a). During Days 3 and 5, 
however, the cells appeared to be more N-stressed than during Day 1.
The change in the ratio of acetylene reduced to 15N2 incorporated (Fig 3c) reflects 
both a decrease in the rate of acetylene reduction (Fig 1a) and an increase in the rate 
of 15N2 incorporated into the cells (Fig 3b). Whilst the former probably reflects a 
decline in nitrogenase activity during the course of the experiment, the latter may be 
explained in terms of decreased release of newly fixed nitrogen. The decline in 
nitrogenase activity broadly parallels the increase in nitrogen stress implied by the 
changes in the GLN:GLU ratio (Fig 3d) but whether increased N-stress is caused by, 
or causes, a decline in nitrogenase activity is not clear. Specific rates of primary 
production (incorporation of NaH14CO3) were greatest in the upper 7 m of the water 
column (Fig 4), peaked around noon and declined to zero at night. In this respect, 
primary production broadly paralleled the observed 24 h fluctuations in N2 fixation. 
However, over the longer term it appeared that 14C incorporation behaved differently
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Fig 4. Primary production by cyanobacteria sampled from a bloom in the Baltic Sea between 
6  and 11 July 1998 (Days 1 - 5). Samples were collected from (a) 0 - 7 m, (b) 7 - 14 m and (c) 
14 - 21 m. Zero time corresponds to 00:00 (local time) on 6  July 1998. The shaded areas and 
their associated dotted lines represent night-time during the experimental period.reduction.
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from gross N2 fixation, measured as acetylene In the case of the population at 0 - 7 m, 
this difference was especially apparent during Day 1, when rates of acetylene 
reduction were high (Fig 1a) whilst those of primary production were relatively low 
(Fig 4a). This uncoupling between the two processes was much less apparent during 
the latter part of Day 3 and during Day 5, when the rates of acetylene reduction and 
14C incorporation more closely paralleled each other.
It should be noted, however, that, just as the loss of fixed 15N2 in the 15N2 method can 
underestimate gross N2 fixation into the cyanobacterial biomass, so 14C-incorporation 
can underestimate the gross rate of photosynthetic C fixation. Cyanobacteria release 
C-compounds such as glycolate (Renstrom-Kellner and Bergman 1989) as well as N- 
compounds and release of amino acids, for example, represents release of both C and 
N. A lower measured C/N ratio, relative to 14CO2 fixed/15N2 fixed ratio, may also be 
partly explained by a C-respiration term in the dark. Oxygen versus light response 
curve showed that respiration could be a significant fraction of the maximum 
photosynthesis rate (data not shown), which will lower the final C/N ratio. Even so, 
however, the relative rates of C and N assimilation are not closely coupled. The ratio 
of incorporation of 14C (primary production) to that of 15N varied from day to day and 
with depth, being maximal during Day 3 in the population at 0 - 7 m and minimal 
during Day 1 in the population at 14 - 21 m (Fig 5). At 8.06, the average value of the 
ratio of 14C-fixed/15N2-fixed at all sample times and at all depths throughout this 
experiment was reasonably close to the C:N ratios found during the successive diurnal 
experiments (table 4) and the Redfield ratio of C to N for phytoplankton (6.9). Taking 
into account an average 14CO2 fixed/15N2 fixed ratio of 17.6 in the upper water layer, 
the sum of respiration and carbon excretion must be about 50%-70% of the fixed 
carbon in order to come to an average C/N ratios in that water layer.
Nevertheless, it is apparent that cyanobacterial blooms in the Baltic Sea oscillate 
between periods when N2 fixation is favoured over C assimilation (for example, 
during Day 1) and vice versa (during Day 3). The high rates of 14C incorporation 
(relative to those of 15N incorporation) in the upper 0 - 7 m of the water column may, 
furthermore, result in an accumulation of carbon reserves that could be mobilised in 
order to support N2 fixation in deeper waters following a mixing event.
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Fig 5. Ratio of incorporation of 14C (primary production) to incorporation of 15N in 
cyanobacteria sampled from a bloom in the Baltic Sea between 6  and 11 July 1998 (Days 1 -
5). Primary production and assimilation of N2 were measured in samples collected from (a)
0 - 7 m, (b) 7 - 14 m and (c) 14 - 21 m (see Figs 3 and 4 for details). Zero time corresponds to 
00:00 (local time) on 6  July 1998. The shaded areas and their associated dotted lines represent 
night-time during the experimental period while the horizontal dashed lines represent the 
value of the Redfield ratio of C to N (6.9) for phytoplankton (Redfield 1958; Falkowski 
2000). The numbers in the field show the average value for the ratio for that particular group 
of data, those to the right of the graph show the means for each sample depth while those 
below the graph show the means for each experimental day. The overall mean value is shown 
at the bottom right corner.
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Table 4. The averaged C/N ratios per depth interval and per sampling day during the series of 
24 hours measurements (based on POC and PON values given in table 2 )
Day 1 Day 3 Day 5
0 -  7 m 6 . 6 5.9 5.9
7 -  14 m 6.3 5.9 5.7
14 -21 m 5.9 5.2 5.5
In the photic zone, nitrogenase activity in Baltic cyanobacteria is higher during the 
day than at night, though it never falls to zero. This 24 h fluctuation is, as might be 
expected, much less apparent in samples from deeper water, where the light intensity 
experienced during the day is much lower. These fluctuations reflect, at least in part, 
fluctuations in the concentration of nitrogenase in the cyanobacterial cell, implying a 
regulation of nitrogenase synthesis and/or degradation. However, superimposed on 
these 24 h fluctuations, there is a variation in nitrogenase activity that takes place over 
several days. Cyanobacteria sampled during Day 1 were more active in N2 fixation 
(acetylene reduction) and, relatively, more N-replete than were cells sampled on Days 
3 and 5. This may be only one phase of an oscillating cycle between N-stress and N- 
repleteness during the development of a cyanobacterial bloom or it could simply 
reflect the different weather conditions prevailing during the experiment. Temperature 
measurements at 2 0  m depth indicate that the mixing depth was deeper during day 1 
due to a higher wind speed, while the total quantum flux was lowest (table 1 ) and thus 
the average experienced irradiance per cyanobacterial cell will be lowest during that 
day. The light saturation coefficients, Ik, are lower for N2 fixation than for CO2 
fixation and therefore it seems more plausible to find that C-limitation during day 1 
than during the other days. Nevertheless, in blooms, N2 fixation may show long-term 
fluctuations, with cyanobacteria therefore alternating between N-repleteness (during 
which they may release fixed nitrogen) and N-starvation. As a consequence, the ratio 
of acetylene reduction to 15N2 incorporation may also vary, being highest when cells 
are releasing more of their newly fixed N. Indeed, the variable value of this ratio, far 
from being a problem for ecophysiologists, may provide useful information about the 
physiological state of the population under study.
In addition, it appears that N2 fixation and primary production are not always in phase 
during the formation of cyanobacterial blooms in the Baltic Sea. In turn, this implies 
that these two processes are neither tightly coupled nor co-regulated.
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G e n e r a l  d is c u s s io n  
The on-line measurement of N2 fixation
At the end of the 80’s, research on the physiology of N2 fixation in cyanobacteria 
almost came to a stand still, when many scientists in that field switched to molecular 
biology, to study topics such as the regulation of nif-genes and heterocyst 
development (for reviews on the physiology of N2 fixation see e.g. Fay 1992; Gallon 
1992; Stewart et al. 1982; Wolk et al. 1994). Perhaps the lack of progress in the 
development of methods for physiological research is to blame for it, while the 
revolutionary advances in molecular biological techniques promised fast success in 
resolving the questions concerning regulatory processes of N2 fixation. With the 
development of a sensitive on-line acetylene reduction assay (ARA) using a laser- 
based photoacoustic (LPA) method for determining ethylene, the study of new aspects 
of N2 fixation physiology became within reach. More important than the higher 
sensitivity of the LPA set-up (chapter 2) was the improved gas exchange between 
sample and the overlying gas phase (chapter 3). The gas exchange equilibrium in the 
set-up described in chapter 3 is accomplished much faster than in other on-line system 
described thus far (Prosperi 1994; Turpin and Layzell 1985). Quickly established gas 
exchange equilibrium in gas exchange combined with the high sample frequency of 
the LPA set-up, allowed studies on the effect of dynamic processes on N2 fixation. 
Alternatively, optimization of the gas chromatographic (GC-FID) method for ethylene 
detection and an automatic sample loop resulted in a robust system, with a sensitivity 
and time resolution, high enough for on-line measurements, and may be more 
importantly, a method was developed which is within reach to most biologists due to 
its low cost and easiness in operation and maintenance.
Several merits and drawbacks of the on-line method relative to batch incubations for 
measuring acetylene reduction (AR) have been discussed in chapter 2 and 3. 
Nevertheless, a number of other aspects concerning the use of the on-line method 
need to be commented on. The on-line method allows the measurement of different 
treatments on one sample and this decreases the need for controls and replication. On 
the other hand, on-line systems do not allow the measurements of a high number of 
replicates simultaneously, unless several detection systems are available. A simple 
rule is: the more samples are measured simultaneously in one on-line system, the 
lower the time resolution will become. This does not necessarily pose a problem, as 
long as the changes in nitrogenase activities are slower than the time resolution. Low 
time resolution will become a serious drawback when environments with a high
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spatial (more samples are needed) and/or temporal heterogeneity (fast sampling is 
needed) are studied. In aquatic samples spatial heterogeneity may be overcome by 
pooling several plankton net tows as was done in the Baltic Sea, but this is not 
possible for benthic systems such as cyanobacterial mats, or in the case of lichens 
(data not shown). In those cases batch incubations with a high number of replicates 
may be considered for studying N2 fixation. However, attention should be paid to 
artifacts that may result from batch incubations.
In the chapters 2 and 3 it is demonstrated that nitrogenase is not saturated with 
acetylene at the concentrations usually applied (mostly 1 0 %, but even 2 0 % may not 
be sufficient). This is even the case for the dark measurements, when the rate of AR is 
lowest and the degree of saturation highest. N2 competes with acetylene as a substrate 
for nitrogenase and therefore decrease the degree of saturation. Theoretically, 
replacing N2 by Ar or He could circumvent this problem, but this manipulation may 
have other undesirable effects. It has been suggested that, due to the absence of N2 in 
the ARA, the synthesis of nitrogenase may be stimulated, leading to erroneous results 
(Stal 1988). Stal (1988) suggested that, when some N2 is fixed during the ARA, it 
could prevent the stimulation of nitrogenase synthesis during the experiment. 
Acetylene under-saturation of nitrogenase can underestimate N2 fixation rates with 5­
20%, depending on the irradiance. Knowledge of the acetylene saturation levels are 
particularly important when AR is to be converted into N2 fixation, but since this was 
not done in this thesis, acetylene under-saturation will not affect the conclusions 
drawn. Moreover, it is possible to correct AR by extrapolation to saturation when 
conversion to N2 fixation is required. Next to the conversion factor from acetylene 
reduction to N2 fixation, acetylene under-saturation also affects the Nto/Nd ratio, 
because the degree of saturation depends on irradiance (chapter 2 and 3). At a given 
concentration of acetylene, the degree of saturation is higher in the dark relative to 
saturating irradiances, and therefore it can be assumed that Nto/Nd ratios given in this 
thesis may be underestimated.
Theoretically, acetylene saturation curves and its derived Km values could be used as 
a measure for the gas permeability of the glycolipid cell wall of the heterocyst (Murry 
et al. 1984). This would be an attractive method to show changes in permeability of 
the cell wall as the result of adaptation to different O2 concentrations, to support the 
results presented in chapter 6 . However, as was shown in chapter 2 and 3, differences 
in Km may also be caused by changes in the availability of other substrates and it is 
difficult to distinguish between these effects.
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Shedding new light on N2 fixation
An important factor that determines the rate of N2 fixation is irradiance. In every 
chapter data are presented showing the enhancement of nitrogenase activity by light. 
Although light stimulation of N2 fixation in heterocystous cyanobacteria is well 
known, most researchers have applied only a small number of different irradiances 
(e.g. Evans et al. 2000; Hood et al. 2001a) or even only one “saturating” irradiance. 
Uncertainty on whether the irradiation was saturating or not can be a source of error 
and makes it difficult to compare data from different studies. As was demonstrated in 
chapters 6  and 7, the effect of a treatment can be completely different depending on 
the degree of light saturation. Light response curves were mostly used for empirical 
descriptions in order to estimate daily N2 fixation rates (Hood et al. 2001b; Stal and 
Walsby 1998; Stal and Walsby 2000).
The large number of light response curves in cultured species and natural populations 
measured, created the need for a more critical assessment of the mathematical 
description of the curves. Hitherto only two models (Jassby and Platt 1976; Webb et 
al. 1974) were used for fitting N2 fixation versus irradiance curves. However, the 
quality of the fit for these models was not tested and compared between the models. 
In this thesis in total 4 different models were compared for their ability to fit N2 
fixation versus irradiance curves (chapter 4). All models fitted the curves equally 
well, but the “rectangular hyperbola” also offers a physiological explanation of the 
parameters. It was demonstrated that especially temperature and O2 concentrations 
influence the parameters a, Nd and Nm. Nd is particularly limited by the flux of O2 and 
therefore depends mainly on extracellular O2 concentration (chapter 3,4,6,7). The 
light affinity coefficient a depends on the intercept of the light response curve with 
the y-axis, i.e. respiration, on the KmATP of nitrogenase (influenced by temperature), or 
on the pigment composition of the heterocyst (determines the total light absorption).
From the three parameters derived by fitting the light response curves, three other 
parameters were obtained: the total nitrogenase activity at saturating irradiances Ntot 
(Nm+Nd), the light saturation coefficient Ik (Nm/ a) and the ratio Ntot/Nd. When 
incubated under the same conditions, biomass independent parameters (Ntot/Nd and Ik) 
varied less than those that are dependent. This indicates that at least part of the 
variation found is caused by changes in chlorophyll in the vegetative cells or by errors 
in its determination and not by nitrogenase activity in the heterocyst. In addition, 
variation can be caused due to sampling during different growth phases. Little is 
known about the processes regulating N2 fixation relative to growth. Some reports 
mention changes in the rate of N2 fixation in relation to the growth phase (Granhall
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1989; Weare and Benemann 1973), but it is not known whether this also applies for 
the cyanobacteria from the Baltic Sea.
The parameter Ik is one of the newly introduced parameters for interpretation of 
physiological adaptation processes in N2 fixation. There are several reports dealing 
with the interpretation of Ik in photosynthesis, but the conclusions cannot be simply 
extrapolated to N2 fixation, despite the fact that the models are exchangeable. The 
reason is that in photosynthesis Ik is assumed to be influenced mainly by the pigment 
composition and photosystem II/photosystem I kinetics (Henley 1993), while in the 
case of N2 fixation, Ik depends on pigmentation, photosystem I kinetics and the ATP 
affinity of nitrogenase. Ik has been derived in other studies, but they were based on 
curve fits with in total only 5-6 irradiances, from which 3 irradiances were at or above 
light saturation, while in some cases an inhibition component was included (Hood et 
al. 2001b; Stal and Walsby 1998; Stal and Walsby 2000). This small number of 
irradiances in the non-saturating range, as well as probable changes in oxygen 
concentrations within the incubated samples, will result in inaccurate estimations of a 
and Ik and makes it difficult to distinguish light adaptation processes. Using the 
method described in this thesis, the error was reasonable low for a (mostly <2 0 % of 
the value). Due to this higher accuracy, it was possible to conclude that Ik was 
influenced by the growth irradiance in natural populations, i.e. it decreased with depth 
(chapter 8 ). These changes in Ik can be caused by 3 factors: changes in pigment 
composition of the heterocyst (chapter 5), changes in substrate limitation (chapter 4), 
and changes in the nitrogenase/pigment ratio. Because Ik is biomass independent, it is 
not influenced by changes in pigment concentration of the vegetative cells.
As was argued in chapter 4, changes in Ik can also be caused by C-limitation. In the 
case that Ik changed with depth (chapter 8 ), Ntot decreased also with depth. Therefore 
it cannot be excluded that these changes in Ik were caused by a change in limitation 
e.g. from maximum enzyme activity to a C-limitation (chapter 4), rather than by a 
change in pigment composition or change in nitrogenase/pigment ratio of the 
heterocysts. The pigment composition may explain differences in Ik and a, but not the 
differences in the parameters Nm, Nd or Ntot. The only way to distinguish between 
these possibilities was to record light response curves at different O2 concentrations, 
in order to exclude C-limitation, but this was impossible to do during the “BigEx” 
(chapter 8 ) for logistic reasons.
The other parameter frequently used in this thesis is the ratio Ntot/Nd, which represents 
the proportion of ATP produced by respiration relative to the total ATP demand of 
nitrogenase. A high Ntot/Nd reflects a high light dependency of N2 fixation, causing a 
strong dependency of N2 fixation on light, while a low value shows that respiration
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fulfills the energy demand of nitrogenase. Only few reports have been published that 
gave values of both Ntot and Nd, and to the best of my knowledge, only one mentioned 
a shift in Nd relative to Ntot (Weare and Benemann 1973). These authors found a 
decrease in Nd relative to nitrogenase activity in the light when the culture aged. 
During the course of a day the ratio may be stable, even when Ntot and Nd fluctuate 
due to the availability of glycogen that serves as energy storage in the vegetative cells 
(Ernst 1988). The effect of aging of cultures on Ntot/Nd was not studied in this thesis 
but it could explain the variation found among the different light response curves 
measured in the Baltic Sea and in cultures of N. spumigena.
Next to aging, the light history of a culture seems to have an effect on Ntot/Nd. 
Incubation of N. spumigena for 24 h in the dark, resulted in a gradual increase of 
Ntot/Nd with time, while it decreased again when the light was turned on (chapter 6  
and the section heterocystous cyanobacteria and ecology below). The gradual increase 
in the dark was attributed to a decrease in carbohydrate availability for respiration. 
Low carbohydrate availability’s may also result in a lower O2 optimum, explaining
o 2 (%)
Fig. 1: Change in Nto/Nd with O2 concentration, as measured with a down gradient in the dark 
(Nd) and at 400 ^mol photons m-2 s-1 (Ntot) in the Baltic Sea using the on-line LPA set-up 
(chapter 6). The oxygen optimum at 400 ^mol photons m-2 s-1 was 7.5% O2. The points are the 
measured Nto/Nd and the line is the fit through these points using the equation 1/(ax+b).
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the negatively correlation of Nto/Nd and O2 optima of nitrogenase activity. However 
in this case cause and effect are difficult to separate, because a lower O2 optimum can 
also be caused by higher gas permeability, what will result in a higher respiration rate 
and probably a lower carbohydrate availability.
Ntot/Nd ratios can actively be influenced by changes in the O2 concentration in the 
gasflow, due to the decrease in respiration when the O2 flux is lowered (chapter 3, 4, 6  
and 7). The ratio is highest (almost infinity) at 0% O2 and decreases exponentially, 
eventually to one. This latter value was not reached, not even when incubated at 60% 
O2 (data not shown). In the extreme situation that Ntot/Nd reaches one, all energy used 
by nitrogenase is provided by respiration and in that case Nd is not limited by ATP, 
but by reducing equivalents. It was remarkable that Ntot/Nd seemed to be independent 
of the O2 optima of nitrogenase activity (Fig. 1). However, when the correlation of 
Ntot/Nd and O2 concentration was fitted with the equation 1/(ax+b) (Ntot and Nd are set 
to respectively 1 and ax+b, assuming a linear relationship between the external O2 
concentration (x) and the respiration rate), a good fit was obtained until 10% O2. 
Above this concentration the measured data deviated from the fitted line. Presumably, 
respiration is not O2 limited above 10%, and other O2 consuming processes become 
progressively more important (see also paragraph on O2 protection, below).
N2 fixation and photoinhibition
The standardized measurements of light response curves by the on-line method 
demonstrated that N2 fixation in heterocystous cyanobacteria was not inhibited at high 
irradiances, as had been reported previously (Evans et al. 2000; Hood et al. 2001a). 
Photoinhibition of N2 fixation appeared to be an artifact of batch incubation that could 
be prevented by using the on-line method (chapter 3). Occasionally, inhibition of 
nitrogenase activity at high irradiances was observed in field samples from the Baltic 
Sea (Fig. 2), but in those cases activity recovered when the irradiance was further 
increased. It was subsequently demonstrated that the inhibition was transient and 
lasted only for 5-10 min. Hence, this phenomenon was fundamentally different from 
photoinhibition usually observed during the recording of photosynthesis light 
response curves. Since the addition of the inhibitor of photosystem II, DCMU, 
prevented the occurrence of the transient inhibition phenomenon, it was concluded 
that N2 had to adapt to the increased photosynthetic O2 production resulting in a short 
and local elevation of O2 concentrations. Photoinhibition of photosynthesis is 
attributed to the diffusion limitation of CO2 fixation by RUBISCO. The cells are not 
able to process the electrons generated by photosystem II (Henley 1993), resulting in 
the production of oxygen radicals. The heterocyst does not generate electrons and is
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Fig. 2 : One of the few light response curves with a photoinhibition component. This light 
response curve was measured during the Baltic Sea cruise in 1999, using the on-line GC 
set-up. The insert shows the time dependency of this photoinhibition in heterocystous 
cyanobacteria. The time dependent component is measured at 180 pmol photons m-1 s-1, 
almost simultaneous with the light response curve, but on another filter in the LPA set-up. 
Addition of the photosystem II inhibitor DCMU prevented photoinhibition (not shown).
2
0
depleted in reducing equivalents due to the activities of nitrogenase and respiration, 
and since the O2 concentration is also low, oxygen radicals will not be formed. In 
addition, several radical scavenging enzymes are present in heterocysts of N. 
spumigena (Canini et al. 1996).
In summary, many similarities exist between the mathematical description of light 
response curves for N2 fixation and photosynthesis. However, the underlying 
mechanisms are fundamentally different for both processes and therefore comparisons 
of the parameters cannot simply be done.
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Oxygen protection
Several strategies are proposed (chapter 1 ) by which cyanobacteria combine oxygenic 
photosynthesis with N2 fixation, but essentially all are based on avoiding contact 
between nitrogenase and O2 , mainly by scavenging O2 before it inactivates the 
enzyme. Because respiratory enzymes do not have KmO2 values of zero, absolute 
anaerobic conditions cannot be generated in the heterocyst (Wolk et al. 1994). Despite 
the presumed oxygen sensitivity of nitrogenase, it is not known whether the presence 
of some O2 always leads to inactivation of nitrogenase. N2-fixing cells achieve low 
levels of O2 either by decreasing the influx of O2, which requires a relative moderate 
respiration rate, or by a unrestricted O2 flux into diazotrophic cells in combination 
with a high respiration rate (Kana 1993). The former option allows prolonged dark N2 
fixation and is found in the heterocystous cyanobacteria from the Baltic Sea. 
However, in these organisms dark N2 fixation is severely limited by ATP. The other 
strategy allows dark N2 fixation only for short periods and is found in the non- 
heterocystous cyanobacterium Trichodesmium IMS101 (Zehr et al. 1996) and 
possibly in several, mainly symbiotic, heterocystous Nostoc and Anabaena species, 
including Nostoc 7120 (data not shown). In chapter 7 it is argued that the latter 
strategy is characteristic for (sub) tropical marine pelagic environments, while 
decreasing the influx of O2 is the method of choice for cyanobacteria in temperate and 
cold pelagic environments as well as in benthic communities.
As was shown in the dynamic O2 gradient experiments, inhibition of nitrogenase at 
levels above the O2 optimum were reversible, and were presumably caused by 
competition for electrons, rather than by the inactivation of nitrogenase. The existence 
of multiple O2- reducing systems in N2-fixing cyanobacteria has already been 
suggested (Bergman et al. 1997; Houchins and Hind 1982). To explain the hysteresis 
effects found in chapter 6 , the presence of multiple respiratory systems in the 
heterocysts was conceived as well as that the reduction rate through cytochrome 
oxidase is faster than the other respiratory mechanisms (chapter 6 ).
Another explanation for the observed hysteresis may be offered by post translational 
modification of nitrogenase (Ernst et al. 1990a; Gallon et al. 2000; Villbrandt et al. 
1992; Zehr et al. 1996), but the regulating mechanisms are still unknown. In samples 
of the Baltic Sea two types of the Fe-protein (dinitrogenase reductase) were present 
(chapter 8 ), but it is unknown whether one of them represents an inactive form for N. 
spumigena or Aphanizomenon sp. The measurements under a dynamic O2 gradient did 
not show a difference in potential activity, while a difference is expected when 
modification of nitrogenase is involved in changes of activity on a short time scale.
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Modification occurs in 20-30 min (pers comm. A. Ernst), which is about the same as 
the time needed to make a whole O2 gradient measurement.
Models versus measurements
Two conceptual models that describe the electron and ATP pathways in the heterocyst 
were presented in chapter 1 (Fig. 2 and Fig. 3 in chapter 1) and the question was 
whether these models agree with the measurements. The light and O2 response curves, 
in combination with the use of their mathematical descriptions, were good tools to 
validate both models and the results agree with the simplified model (Fig. 3, chapter 
1). In the dark, ATP is generated by the respiratory system (Jensen et al. 1986; 
Peterson and Burris 1976a), and additional ATP is produced through the conversion of 
light energy by photosystem I (Ernst et al. 1984a; Peterson et al. 1981). The model 
assumes that respiration takes place in the light in order to prevent high 
concentrations of O2 in the heterocyst, rather than to provide ATP. The assumption 
that ATP production by respiration continues in the light is in contradiction with what 
has been published by others (Bottomley and Stewart 1977; Murry et al. 1984) but it 
was shown in chapter 6  that some O2 was necessary to reach optimal N2 fixation rates 
at saturating irradiances. The rate of respiration is assumed to be independent of 
irradiance, because the O2 flux is considered to be the limiting factor for respiration 
and is assumed not to change with irradiance. This assumption does not take into 
account side effects caused by local heating (Q10=1.08) or local increases in O2 
concentration due to photosynthesis in neighboring vegetative cells. The dependency 
on O2 of dark nitrogenase activity justifies the conclusion that it is limited by ATP 
availability under these conditions (chapter 6 , Murry et al. 1984). The observed O2 
“plateau” of nitrogenase activity in the dark over a wide range of O2 concentrations 
must lead to the conclusion that another second O2 consuming mechanism is present, 
which has a lower ATP yield than the regular pathway via cytochrome oxidase. The 
model assumes that the second terminal electron donor to O2 is nitrogenase, but it 
could be as well another terminal oxidase. Thus, the measured data and the proposed 
simplified model do not disagree and justify the conclusions drawn in the different 
chapters of this thesis.
There is no disagreement on the sources of ATP between the two models presented in 
chapter 1. The most significant difference between the “complex” model (Scherer et 
al. 1988a) and the “simplified” model is the origin of the electrons for nitrogenase. 
The pathway via which electrons are transferred in the “complex’’ model is from 
NADPH via FNR or from H2 or NADH through the thylakoid membrane and
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photosystem I to nitrogenase. The pathway via NADPH is only active in the dark 
(Filat et al. 1991) and in the light all electrons are transported via the cytochrome 
complexes in the thylakoid membrane and photosystem 1. Therefore the assumption 
that ATP is the limiting substrate in the dark may not be valid, because NADPH can 
limit nitrogenase and this limitation can be alleviated through an additional input of 
electrons via NADH and H2 in the light. This would be another plausible explanation 
for the difference between N2 fixation rates in the dark and light. The problem with 
this explanation is that, when electrons rather than ATP limits nitrogenase activity, 
this would also mean that electrons could limit respiration under these conditions. The 
consequence of this would be elevated O2 concentrations in the heterocyst. This will 
probably result in inactivation of some nitrogenase until the concentration of the 
active enzyme becomes so low that ATP instead of electrons becomes the limiting 
factor. Hence, it seems plausible that in this model ATP is the limiting substrate in the 
dark and not NADPH. Electrons originating from NADPH must be transported via the 
thylakoid membrane and photosystem 1 in the light. This does not make a difference 
for the outcome of the light response curves. The only difference is that the 
competition for electrons between nitrogenase and cytochrome oxidase in the dark is 
at the level of FNR and in the light at the level of cytochrome c553. Moreover, it is 
likely that at low irradiances FNR does not donate all electrons to the cytochrome b f  
complex, but that this gradually increases with increasing irradiances.
In conclusion, the theoretical explanation coincides well with the measured data and 
the presented models, although the possibility that the availability of electrons limits 
nitrogenase activity in the dark rather than ATP cannot be excluded. Nevertheless, 
this does not seem to be very plausible, because it will be difficult to maintain 
anaerobic conditions when electrons limit process rates.
Heterocystous cyanobacteria and ecology
One of the major goals of the research described in this thesis was to improve our 
understanding of the ecophysiology of N2 fixation by heterocystous cyanobacteria 
under natural conditions. It had been postulated previously that the possession of 
heterocysts would improve the competitiveness relative to non-heterocystous 
diazotrophs (Bergman et al. 1997; Karl et al. 2002). However, it was not explained 
why the possession of heterocysts would improve the competitiveness for the 
organisms. Wolk and co-workers (1994) have argued that the production and 
maintenance of heterocysts is an energy consuming process and Howarth and 
coworkers (1993) suggested that filaments of heterocystous cyanobacteria are extra
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vulnerable to breakage in turbulent conditions and therefore not able to survive in the 
sea. In chapter 7, a satisfactory explanation is given for the question why heterocysts 
are needed at lower temperatures, at least for cyanobacteria that fix N2 during the light 
period, but it does not explain why a temporal separation (Reade et al. 1999; Stal and 
Krumbein 1987) between photosynthesis and N2 fixation is less efficient than a spatial 
separation. Moreover, N2 fixation in the dark in the heterocyst is limited by O2, and 
the transport of fixed nitrogen from the heterocyst to the vegetative cells may result in 
a nitrogen loss, which can be high (Ohlendieck et al. 2000, chapter 8 ).
When an optimal C/N ratio indeed exist (Falkowski 2000) and light does not limit 
growth, it can be hypothesized that the mechanism that enables balances between N2 
and CO2 fixation best would be the most efficient. As was shown in chapter 4, there is 
a fundamental difference between light response curves of N2 fixation and CO2 
fixation in heterocystous cyanobacteria. When light is the growth-limiting factor, it is 
anticipated that the most efficient N2 fixer is an organism that does not need a high 
rate of respiration in order to protect nitrogenase against O2 inactivation. The 
respiration needed for the production and maintenance of heterocysts must be 
included in this calculation. In the dark, N2 fixation is limited by respiration in all 
diazotrophic cyanobacteria, otherwise the anaerobic conditions, necessary to maintain 
nitrogenase in an active form, are not generated. This is the case for heterocystous 
cyanobacteria as well as non-heterocystous cyanobacteria. Hence, it is possible that 
non-heterocystous cyanobacteria that fix N2 exclusively during the night are more 
efficient, because these organisms do not have to invest energy in the production and 
maintenance of specialized cells. However, these organisms do not have the option to 
generate extra ATP with photosystem I, in the case of ATP limitation, although it is 
unclear what limits rates of N2 fixation in these organisms during the night (data not 
shown). In non-heterocystous cyanobacteria the C-fixation that occurred during the 
light period preceding the dark, determines the amount of N2 that can be fixed (data 
not shown). Therefore, it will be difficult to explain why one mechanism would be 
more efficient than the other.
Regulation o f N2 fixation in heterocystous cyanobacteria.
It has been suggested that an important regulating mechanism for nitrogen 
assimilation at the molecular level in heterocystous cyanobacteria is the NtcA system 
(Herrero et al. 2001). Production and functioning of heterocysts is partly regulated by 
NtcA, which regulates the expression of the genes hetR, petH and glnA (the latter two 
encode for respectively FNR and glutamine synthetase). NtcA is regulated by the 
presence of ammonium, although experiments with the glutamine analogue MSX 
indicate that it is most probably the product of the assimilation of ammonium that is
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involved in its regulation. Therefore, it was suggested that the NtcA system may be 
able to sense the C/N status rather than the ammonium concentration (Herrero et al. 
2 0 0 1  and references therein).
In chapter 8  it was shown that the concentration of nitrogenase was low in the 
afternoon and in the dark, while the highest concentrations were found early in the 
morning. This suggests that there is regulation at the level of protein expression in the 
heterocystous cyanobacteria from the Baltic Sea. However, Ntot did not change during 
these 24 h measurements (data not shown), indicating that the amount of active 
enzyme must have remained constant unless electrons were the limiting factor. On the 
other hand, when electrons indeed limits N2 fixation, it is of no use to regulate 
enzyme concentrations. The pattern in changes in nitrogenase concentration as 
detected by Western blot may not be a good measure for active enzyme in this case, 
since the amount of antibody was expressed per 25^g of total protein. The amount of 
total protein increased 20%-40% during the light period during these series of diurnal 
experiments and therefore the relative decrease in labeling may result from an 
increase in protein rather than from an absolute decrease in nitrogenase (data not 
shown).
It seems counter intuitive to use the C/N ratio in the heterocyst, in order to balance N2 
and CO2 fixation, because these processes are spatially separated and the C/N ratio of 
the whole trichome will be lower than in the heterocyst. Hence, it would make more 
sense to regulate heterocyst frequencies (Yoon and Golden 2001) rather than 
nitrogenase concentrations within heterocysts. This would provide a certain potential 
rate of N2 fixation, while the actual rate can then be controlled at substrate level. For 
instance, because N2 fixation in the heterocyst is partly dependent on light, there is a 
direct coupling between N2 and CO2 fixation, even though these processes occur in 
different cells. In nature, the daily irradiance will fluctuate depending on mixing 
depth, clouds, reflection and period of the day. When the irradiance decreases due to 
deep mixing or overcast, N2 and CO2 fixation decrease both. Fluctuations of photon 
irradiance occur sometimes within minutes and regulation on the molecular level 
would be too slow (e.g. 12 h for the formation of a heterocyst or 3 h for the induction 
and synthesis of nitrogenase).
Next to the direct coupling of N2 and CO2 fixation to light, adaptation to the 
prevailing irradiance could be accomplished through changes in the concentrations 
and composition of the light harvesting pigments in the heterocyst, which can occur 
within a few hours. This would influence the a and Ik of both processes. Nevertheless, 
the observations made in chapter 5 seemed to follow a circadian rhythm and may have 
been under control of an internal clock rather than by the level of irradiance, although 
more research is required to prove this.
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Fig. 3: The effect of prolonged dark on Ntot values measured at different O2 concentrations. 
A batch culture grown under continuous light was placed in the dark for 24 h. During this 
dark period, samples were taken, filtered on a GF/F filter and incubated in the on-line GC 
set-up at 20°C, equal to the growth temperature of the culture. Filters were incubated at 
t=0, 12, 18 and 24 h. The dark incubation started at t=0. From each filter, light response 
curves were recorded at respectively 20, 10, 5, 2.5 and 0% O2 at each time point. Points 
were fitted by linear regression.
In addition, it is also possible to regulate the rate of N2 fixation on the level of 
carbohydrate i.e. C-fixation. Mostly, when cultivating heterocystous cyanobacteria 
under continuous light in the laboratory, there is no light limitation in the exponential 
growth phase, and N2 fixation seemed not controlled at the level of carbohydrate. 
When incubated for a few hours (up to 4 h) in the dark, neither Nd nor Ntot change 
much (own observation, Evans et al. 2000). However, after an incubation of 24 hours 
in the dark, Ntot in N. spumigena at 0%o O2 remained constant (Fig. 3), while at 20% 
O2 Ntot/Nd ("chapter 6 ), Nd,, Ntot, and the O2 optima went down. From this it was 
concluded that in that specific experiment, the potential nitrogenase activity remained 
constant and that N2 fixation was presumably controlled by the carbohydrate content. 
A similar observation was made in A. variabilis, which showed a lower dark N2 
fixation activity and lower ability to protect nitrogenase from inactivation by O2 after
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carbons starvation, which could be prevented by the addition of fructose (Ernst et al. 
1984b).
Some thoughts about effect of aggregate formation on N2 fixation in 
heterocystous cyanobacteria
Every property of an organism must have a function; otherwise, it will be lost. In this 
respect, it is important to spend a few words on the functionality of the aggregates 
formed by heterocystous cyanobacteria in the Baltic Sea. It can be hypothesized that 
predator-prey sizes may influence grazing rates, and that the aggregates are too big for 
the grazers, preventing top-down control. However, aggregates have a number of 
disadvantages for the cyanobacteria that form them and in order to possess an 
ecological advantage, grazing pressure must be strong. When considering the effects 
of light and O2, aggregates frustrate the rate of N2 fixation that can be achieved. In the 
dark, O2 decrease in aggregates (Ploug et al. 1997) and therefore limit respiration and 
consequently the rate of N2 fixation, while in the light the opposite is true and the 
concentration of O2 may reach levels of 2 or more-fold saturation (Ibelings and Mur 
1992), which also has a negative impact on N2 fixation.
It is possible to speculate on some expected effects of aggregate formation: self­
shading due to a high biomass within the aggregate and local heating due to light 
absorption. High biomass concentration within aggregates will decrease the photic 
zone of the colony to the uppermost very thin layer, and depending on the size of the 
colony, part of the cells will be permanently in the dark and therefore not able to fix 
CO2 . As a consequence, the illuminated part of the colony may become heavy from 
the accumulated carbohydrate. Such unbalanced aggregates may tumble and the 
tumbling will cause strong O2 gradients. All these factors may affect the nitrogenase 
activity negatively, although more detailed studies are needed to be able to describe 
and predict their effect on the daily N2 fixation.
Dominance of heterocystous cyanobacteria in the Baltic Sea
Despite the assumed negative effects on the fixation of N2  by the formation of 
aggregates, the Baltic Sea is characterized by the development of aggregates and 
massive surface accumulations of heterocystous cyanobacteria during the summer. 
These blooms are dominated by the filamentous cyanobacteria N. spumigena and 
Aphanizomenon sp. and may have existed since the Baltic Sea became a brackish 
inland sea, several thousands of years ago. Hence, the blooms can be considered as a 
natural phenomenon, rather then the result of recent eutrophi cation (Bianchi et al. 
2000). It is estimated that N2 fixation by the heterocystous cyanobacteria contributes
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about 2-15% of the total annual input of nitrogen in the Baltic Proper (Ronner 1985, 
Sellner 1997 and references therein). Using the measurements of the nitrogenase 
versus irradiance curves and the new insights and understanding of the ecophysiology 
in natural populations of heterocystous cyanobacteria, obtained in this thesis, it may 
be possible to make new and more accurate estimates of the total input through N2 
fixation. For his, biomass estimates are needed, e.g by using satellite images, 
combined with models predicting the daily-integrated N2 fixation. For the ocean this 
was done by Hood et al. (2001b).
Until recently, heterocystous cyanobacteria were considered the only diazotrophic 
organisms in the Baltic Sea. Although this may be the case, little research has been 
done to look for other diazotrophic organisms. Wasmund et al. (2001) reported that 
picocyanobacteria may exist that contribute significantly to N2 fixation in the Baltic 
Sea. Several unicellular cyanobacteria isolated during cruises on the Baltic Sea 
contained the nifH gene, which is a good indication for their capability to fix N2 (data 
not shown). Three of these strains could be cultivated without the addition of a source 
of combined nitrogen. These unicellular cyanobacteria presumably fix N2 at night and 
the reason why they might have been overlooked may be the lack of night 
measurements in this size fraction. The reason for this lack in night measurements is 
that nights are very short in the Baltic Sea during summer and research vessels often 
use the nights to steam to other stations. Another serious problem is the inability to 
fractionate the different size classes properly. The large amounts of biomass of 
picocyanobacteria (65%) found in the Baltic Sea during surface accumulations of 
heterocystous cyanobacteria may be explained assuming diazotrophic growth of the 
organisms in the <5p,m fraction (Stal et al. 1999). During one of the Baltic Sea cruises 
we made an attempt to measure N2 fixation on the smaller size fraction (<5 |im). Low 
rates of N2 fixation were found in the light. However, since it is unlikely that the 
unicellular cyanobacteria fixed N2 during the day, the presence of heterocystous 
cyanobacteria could not be rigorously excluded. Some filaments may pass 5 ^m nylon 
mesh filters (pers com. K. Gundersen), and it was concluded that the results were 
attributed to improper fractionation and not to the activity of unicellular 
cyanobacteria. Wasmund et al. (2001) claimed that unicellular cyanobacteria fix N2 in 
the Baltic Sea. They measured N2 fixation by the 15N method and incubated the 
samples for long periods. After fractionation they found 15N incorporation in the 
smallest size class. However, these authors did not rigorously exclude the possibility 
of transfer of fixed N2 from the heterocystous cyanobacteria as was shown by 
Ohlendieck et al. (2000) or errors in fractionation. Hence, until now there is no solid 
proof that organisms other than heterocystous cyanobacteria contribute to N2 fixation 
in the Baltic Sea.
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Summary
A new on-line method for measuring nitrogenase activity through the acetylene 
reduction assay (ARA) is presented in this thesis. Ethylene is detected either by laser 
photoacoustics (LPA) or by gas chromatography (GC). A fully automatic on-line 
ARA set-up was developed and used for the study of the ecophysiology of N2 fixation 
in natural samples and in cultures of heterocystous cyanobacteria, mainly Nodularia 
spumigena. The laser-based trace gas detection technique achieved a detection limit, 
three orders of magnitude better than gas chromatography. However, even the purest 
acetylene commercially available contained traces of ethylene (100-300 ppm) and 
therefore the limit of detection by LPA (100 ppt) could not be exploited. With 10% 
acetylene in the gas phase, the limit of accurate determination of ethylene by LPA was 
approximately 0.5-2.5 ppb, about 10-20 times better than ethylene detection by GC. In 
addition to its superior sensitivity, LPA also permits sampling with a high sample 
frequency (two samples per minute), which resulted in a much better time resolution 
than with a GC (one sample per 4 minutes). High sample frequencies allowed the 
recording of changes in nitrogenase activity under non-steady state conditions. 
Subsequently, the LPA set-up was improved by developing a sample cell with better 
gas exchange characteristics. By increasing the surface to volume ratio, the time 
needed to reach steady state decreased considerably, however, aquatic samples still 
needed 6-7 min to reach a steady state. The surface to volume ratio was then further 
increased by filtering the sample on a glass fibre filter, resulting in a steady state gas 
flux within 1-1.5 min. By using this approach, measurements of acetylene reduction 
under continuous changing conditions as photon irradiance (chapter 3 and 4), light 
quality (chapter 5) and O2 concentrations (chapter 6 ) became possible. Nitrogenase 
responded instantaneously to changes in light and O2. Not only reached the flux of 
ethylene equilibrium in a short time, but it also improved the exchange of O2, 
preventing over-saturation of this gas in the light.
Because the gas exchange dynamics were known, it was possible to develop a set-up 
similar to the LPA system but using GC. The sampling frequency of the GC system 
was lower due to the time needed for the large amount of acetylene to come off the 
column. The advantage of the GC set-up is that it is smaller and relative to the LPA is 
easily moved to other locations such as on board of a research vessel. Moreover, 
operating the LPA set-up is complex and need expert knowledge of a physicist, while 
the GC is a cheaper and simpler machine, which can be operated by biologists alone. 
The GC set-up was used for automatic recording of light and O2 response curves, or a 
combination and it enabled the extensive recording of physiological parameters of N2
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fixation by heterocystous cyanobacteria under various incubation conditions.
Using the on-line system, the recording of nitrogenase activity could be continued for 
several hours without having a negative impact on the rate of N2 fixation in N. 
spumigena. In contrast, batch incubations caused considerable changes of nitrogenase 
activity, probably because of changes in the O2 concentration. Hence, the on-line 
method of measuring nitrogenase activity is superior to batch incubations. A problem 
that affects either method was the fact that even 2 0 % acetylene did not saturate 
nitrogenase in N. spumigena, and the degree of saturation as well as Km depend on the 
photon irradiance. It is possible to correct for this effect by extrapolation to saturation.
Nitrogenase activity in heterocystous cyanobacteria is intimately linked to 
photosystem-I-driven photosynthesis in the heterocysts, which lack photosystem-II. 
Similar as has been done for photosynthesis, light response curves were measured in 
order to describe the relationship between N2 fixation and irradiance in natural 
samples of a cyanobacterial bloom in the Baltic Sea and in cultures of heterocystous 
cyanobacteria isolated from that bloom. The measurements of an extensive set of light 
response curves called for their mathematical description. In chapter 4, four models, 
originally developed to describe photosynthesis-light response curves, were compared 
for their ability to describe nitrogenase-light response curves. All models fitted the 
data equally well when r2 was taken as the indicator for the quality of the fit. The 
values of the model parameters obtained by fitting varied depending on the model 
used. All models estimated the same parameters: maximum light-dependent 
nitrogenase activity Nm, dark nitrogenase activity Nd and the light affinity coefficient 
a. Both Nd and Nm were not estimated significantly different by any of the four tested 
models, but the rectangular hyperbola consequently estimated Nm higher. There was a 
significant difference in the estimate of a by the different models. However, the 
equality of quality of the fit of the full light response curve allowed the derivation of 
conversion factors, permitting the calculation of a for any of the other models.
Because the “rectangular hyperbola” is derived from Michaelis-Menten enzyme 
kinetics, it offered a physiological meaning of the parameters, which is not the case 
for the other models that give only an empirical fit of the data points. One conclusion 
drawn from the large number of measurements of standardized light response curves 
of nitrogenase in natural samples from the Baltic Sea and cultures of heterocystous 
cyanobacteria was that inhibition of nitrogenase activity at high light as reported by 
some authors, is an artefact of batch incubation (chapter 3). In the few cases that this 
phenomenon was observed using the on-line method, a dip in N2 fixation was found at 
intermediate irradiances, which recovered with increasing irradiance. This effect 
could be prevented by the addition of the inhibitor of photosystem II, DCMU, and it
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therefore appeared to be a transient effect of O2 rather than light (chapter 9).
From the three parameters derived by fitting the light response curves, three other 
parameters could be calculated. These were: the total nitrogenase activity at saturating 
irradiances Ntot (Nm+Nd), the light saturation coefficient Ik (Nm/ a) and the ratio Ntot/Nd. 
Ik values were lower for N2 fixation than for photosynthesis and changes in the Ik at 
different O2 concentrations were partly the result of changes in Ntot. The use of the 
rectangular hyperbola as the model to fit light response curves, led to the conclusion 
that the small change in Ntot or Ik after O2 levels were decreased from 2 0 % to 0 %, 
indicated that N2 fixation was limited by the maximum enzyme activity. Large 
changes in Ntot or Ik would indicate a limitation by reducing equivalents. Thus, light 
response curves can be used for several aims; they can be incorporated in models that 
estimate the daily integral of N2 fixation, they give information on the physiological 
status of the N2 fixing cells, and they are useful for enzyme kinetic studies.
In addition to light response curves, action spectra of nitrogenase activity were made 
of cultures of Nodularia spumigena, Aphanizomenon flos-aquae and Anabaena sp., 
and from field samples of a cyanobacterial bloom in the Baltic Sea. These action 
spectra were used to determine which pigments were involved in light harvesting for 
N2 fixation, estimate the relative amounts of these pigments in the heterocyst, and to 
study the effect of spectral changes on N2 fixation. Nitrogenase activity was 
stimulated by monochromatic light coinciding the red and blue peaks of chlorophyll a, 
the phycobiliproteins phycocyanin (allophycocyanin) and phycoerythrin, and several 
carotenoids. Because nitrogenase is confined to the heterocyst, it was concluded that 
all photo-pigments must have been present in the heterocysts, that they were involved 
in light harvesting and photosystem I activity and supplied the energy for N2 fixation. 
The strains showed marked differences in their nitrogenase action spectra, which 
might indicate their specific niche and their ecological success in the cyanobacterial 
blooms. In addition, action spectra shifted during the daytime, probably as the result 
of changes in the phycobiliprotein content of the heterocyst relative to chlorophyll a. 
Since the spectral quality of the light was not varied during the experiments, the 
changes in the accessory pigments were not the result of chromatic acclimatization.
The effect of O2 on nitrogenase activity in natural samples of heterocystous 
cyanobacteria from the Baltic Sea was studied using dynamic gradients. The results 
show that, under non-steady state conditions, the optimum concentration of O2 for N2 
fixation differed from those measured under steady state levels. The optimum 
concentration depended also on the direction of the O2 gradient applied. A gradient of 
decreasing concentrations yielded higher O2 optima for dark nitrogenase activity than 
increasing concentrations. Apparently, the cyanobacteria rapidly adapted to changes
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in O2. Steady state and non-steady state O2 concentrations both showed a decrease in 
the optimal concentration for nitrogenase activity rates with increasing irradiances. 
However in the Baltic Sea, the optimum O2 concentration was always higher than 
zero, even at saturating irradiances. Hence, it seems that low levels of O2 are an 
obligatory requirement for maximum nitrogenase activity. Low levels of respiration 
served as a source of additional energy; and so, even at light saturation, 
photosynthesis could not saturate the demand of ATP of nitrogenase in that case. The 
large changes of nitrogenase activity due to the combined effect of variations in O2 
concentration and light emphasize the complexity of the processes regulating N2 
fixation rates within heterocysts.
Heterocystous cyanobacteria have evolved a seemingly perfect strategy to protect 
nitrogenase from inactivation by O2 by separating the incompatible processes of 
oxygenic photosynthesis and N2 fixation spatially in two different cell types, enabling 
them to perform both processes simultaneously. Nevertheless, the non-heterocystous 
cyanobacteria Trichodesmium spp. also fixes N2 and CO2 simultaneously in the light, 
apparently without the need of differentiating heterocysts. Because N2 fixing cells 
must be anaerobic to prevent inactivation of nitrogenase in both types of organisms, 
the strategies to achieve this prerequisite must be evidently different. The 
heterocystous species seems to reduce the flux of O2 into the N2 fixing cells in order 
to reduce O2 levels, while the N2-fixing cells in Trichodesmium sp. seems to reduce 
O2 levels with an increased respiration. A strong stimulation in N2 fixation in the light 
was found at increasing temperatures (Q*10=1.8-2.1). This strong increase with 
temperature contrasted with the much lower increase in dark nitrogenase activity 
(Q* 10= 1.14). Differences in Q10 for O2 fluxes, respiration and N2 fixation, explain 
why Trichodesmium spp. perform better than heterocystous species at higher 
temperature. The results explain also, why these non-heterocystous cyanobacteria are 
not successful in temperate or cold seas.
Although N2-fixing cyanobacteria contribute significantly to the total biomass of the 
Baltic Sea, little is known about how N2 fixation and carbon fixation (primary 
production) interact in natural populations of marine cyanobacteria. In a developing 
cyanobacterial bloom in the Baltic Sea, rates of N2 fixation (acetylene reduction) showed 
both diurnal and longer-term fluctuations, mainly caused by the light dependency of both 
processes. Whilst the diurnal fluctuations of N2 fixation broadly paralleled diurnal 
fluctuations in carbon fixation, the longer-term fluctuations in these two processes were 
out of phase, implying that N2 fixation and carbon fixation were not tightly coupled in 
this cyanobacterial bloom. Furthermore, it was concluded that the organisms adapted to 
prevailing irradiances, i.e. Ik values decreased with depth.
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The results presented in this thesis have added important new knowledge of the 
ecophysiology of bloom-forming heterocystous diazotrophic cyanobacteria. This 
knowledge is essential when determining the contribution of these cyanobacteria to 
the nitrogen budget and should be included in models that estimate N2 fixation in 
aquatic ecosystems.
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Samenvatting
In dit proefschrift is een nieuw on-line analyse systeem voor het meten van 
nitrogenase activiteit gepresenteerd. De nitrogenase activiteit is gemeten met behulp 
van de acetyleen reductie methode. Ethyleen, gevormd door de reductie van 
acetyleen, is gemeten met een laser foto-akoestiek (LPA) opstelling of een 
gaschromatograaf (GC). De ontwikkeling van een geautomatiseerd on-line meet 
systeem maakte het mogelijk om de eco-fysiologie van stikstoffixatie tot in detail te 
onderzoeken, hetgeen door het ontbreken van een goede meetmethode tot dusver niet 
of nauwelijks mogelijk was. De metingen zijn verricht aan natuurlijke systemen en 
gekweekte heterocystenvormende cyanobacteriën, voornamelijk Nodularia 
spumigena, welke geïsoleerd werden uit de Oostzee.
De LPA opstelling is drie ordes van grootte gevoeliger dan de conventionele 
gaschromatografie. Echter, de ethyleen concentratie was nooit zo laag dat de detectie 
limiet van 1 0 0  ppt (delen per triljoen) werd gehaald, dit door de aanwezigheid van 
sporen van ethyleen in het gebruikte acetyleen (100-300 ppm). Bij een concentratie 
van 1 0 % acetyleen was het, afhankelijk van de ethyleen concentratie in het 
gasmengsel, mogelijk om met een nauwkeurigheid van ongeveer 0.5-2.5 ppb (delen 
per biljoen) te meten. Dit is ongeveer 10-20 maal gevoeliger dan een GC. Naast de 
hogere gevoeligheid, was ook de tijdsresolutie van LPA hoger dan van een GC. Met 
LPA is het mogelijk om elke halve minuut de ethyleen concentratie te bepalen, terwijl 
een GC ongeveer 4 tot 5 minuten nodig heeft per analyse. Een hoge meetfrequentie 
maakt het mogelijk om onder fluctuerende omgevingscondities directe veranderingen 
in nitrogenase activiteit te volgen. Echter, om snelle veranderingen in nitrogenase te 
kunnen meten is ook een snelle gasuitwisseling tussen het monster en de 
bovenstaande gasfase vereist. In de eerste experimenten was de gasuitwisseling 
relatief langzaam, maar door de oppervlakte/volume ratio in de incubatie cel te 
verhogen, kon de gasuitwisseling versneld worden. Maar zelfs bij een 
geoptimaliseerde oppervlakte/volume ratio duurt het ongeveer 6-7 minuten voordat de 
ethyleen flux van het monster naar de gasfase constant is wanneer cyanobacteriën in 
vloeibaar medium geïncubeerd worden. Door de cyanobacteriën op een filter te 
brengen kon een bijna oneindig grootte oppervlakte/volume ratio bereikt worden, wat 
resulteerde in een constante gas flux van filter naar gasfase binnen één tot anderhalve 
minuut. Met deze incubatietechniek was het mogelijk om aan te tonen dat de enzym 
activiteit van nitrogenase onmiddellijk reageerde op een verandering in licht 
intensiteit (hoofdstuk 3 en 4), licht kwaliteit (hoofdstuk 5) en O2 concentratie 
(hoofdstuk 6 ). Niet alleen was de ethyleen flux snel in evenwicht met de gasfase, ook
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de uitwisseling met zuurstof ging een stuk sneller. Hierdoor kon worden voorkomen 
dat O2 concentraties in het monster aan grote veranderingen onderhevig waren 
gedurende lichtincubatie.
Doordat de snelheid, waarmee ethyleen een steady state uitwisseling tussen filter en 
gasfase bereikt, bekend was, werd het mogelijk om een on-line gas detectie opstelling 
met de GC als analyse instrument te ontwerpen. De GC in de opstelling nam 
automatisch monsters uit de gasstroom. Een voordeel van een GC is de kleinere 
omvang, zodat de opstelling relatief gemakkelijk getransporteerd kan worden naar 
plaatsen buiten het laboratorium. Andere bijkomende voordelen zijn de lagere prijs en 
de gemakkelijke bediening. Door het nemen van een groter filter was het mogelijk om 
de ethyleen productie per filter te verhogen bij een gelijkblijvende celdichtheid. Het 
probleem van de lagere gevoeligheid voor ethyleen van de GC was hiermee opgelost. 
Met de GC methode kunnen de licht intensiteit en O2 concentraties gevarieerd worden 
via een computer programma welke word aangestuurd door de GC. Dit 
geautomatiseerde systeem maakte het mogelijk om op een eenvoudige manier, onder 
verschillende incubatie omstandigheden, een uitgebreide dataset van fysiologische N2 
fixatie parameters te meten.
Incubatie van heterocysten-vormende cyanobacteriën in het on-line meetsysteem 
resulteerde in een constante N2 fixatie snelheid gedurende verscheidene uren. Dit in 
tegenstelling tot batch incubaties, die een behoorlijk verloop van N2 fixatie snelheden 
vertoonden. Het verloop van N2 fixatie snelheden in de batch incubaties werd 
waarschijnlijk veroorzaakt door, afhankelijk van de licht intensiteit, een accumulatie 
of afname van O2 in de gesloten flesjes waarin de incubatie plaats had. Door het 
verschil in resultaten van beide incubatie methoden, en het principe dat er aan te 
grondslag ligt, werd geconcludeerd dat het on-line systeem superieur is als het gaat 
om N2 fixatie metingen.
Echter, een probleem voor beide incubatie methoden is dat nitrogenase in 
heterocysten moeilijk te verzadigen is met acetyleen. Zelfs bij 20% acetyleen in de 
gasfase is nitrogenase niet volledig verzadigd in N. spumigena. Verder bleek de 
enzymaffiniteit voor acetyleen afhankelijk te zijn van de lichtintensiteit. Het is 
mogelijk om voor onderverzadiging te corrigeren als acetyleen reductie snelheden 
omgerekend moeten worden naar N2 fixatie snelheden.
Nitrogenase activiteit in heterocysten-vormende cyanobacteriën wordt gestimuleerd 
door fotosynthese activiteit van fotosysteem I in de heterocyst. Het was mogelijk om, 
analoog aan fotosynthese metingen, lichtresponse curven te meten voor N2 fixatie. 
Lichtresponse curven voor N2 fixatie zijn gemeten aan natuurlijke systemen zoals de 
Oostzee en aan een groot aantal heterocysten-vormende cyanobacteriën. Dit creëerde
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de behoefte aan een goede wiskundige beschrijving van de correlatie tussen 
lichtintensiteit en N2 fixatie. In hoofdstuk 4 zijn vier mathematische modellen getest 
op hun geschiktheid om licht response curven te beschrijven. Wanneer r2 als het 
criterium wordt genomen voor het adequaat beschrijven van een curve, is de fit 
kwaliteit van de vier modellen gelijkwaardig. De modellen schatten dezelfde 
parameters: Nm, de maximum licht gestimuleerde nitrogenase activiteit, Nd, de 
nitrogenase activiteit in het donker en a, de lichtaffiniteit coëfficiënt van nitrogenase. 
Echter, afhankelijk van het gebruikte model, varieerden enkele parameters 
consequent. De schattingen van Nd en Nm varieerden niet significant per model. Wel 
werd Nm consequent hoger geschat door het “rectangular hyperbola” model. Per 
model werd een significant verschil gevonden in de schatting van a. Omdat alle 
modellen de lichtresponse curven even goed schatten, was het mogelijk om conversie 
factoren te herleiden, die het mogelijk maakt om een a geschat door het ene model om 
te zetten naar een a van een ander model zonder de curve opnieuw te moeten fitten.
Het “rectangular hyperbola” model is afgeleid van het Michaelis Menten enzym 
kinetiek model, waardoor het mogelijk is om op basis van fysiologische principes 
verklaringen te geven voor de gevonden parameters. De andere modellen geven alleen 
een empirische beschrijving van een licht response curve. Daarom is besloten om in 
het vervolg het “rectangular hyperbola” model te gebruiken voor het beschrijven van 
licht response curven van N2 fixatie.
Met de drie parameters van het model kunnen drie andere parameters berekend worden: 
Ntot (Nm+Nd), de totale nitrogenase activiteit bij verzadigend licht, Ik (Nm/a), de licht 
verzadiging coëfficiënt en de ratio Ntot/Nd. Wanneer het “rectangular hyperbola” model 
gebruikt wordt komen de Ik waarde overeen met de Km waarde in het Michaelis Menten 
model. Ik was lager voor N2 fixatie dan voor fotosynthese en in sommige gevallen 
veranderde de Ik waarde als de O2 concentratie veranderde. Deze verandering in Ik werd 
meestal veroorzaakt door een variatie van zowel Ntot als a. Een verklaring voor de 
variatie in Ik kan worden gevonden in het feit dat, in verzadigend licht, een ander 
substraat dan ATP limiterend worden voor nitrogenase (bijv. Elektronen), en niet de 
maximale enzym activiteit. Wanneer Ik onveranderd blijft bij een variabele O2 
concentraties, kan worden geconcludeerd dat geen van de substraten de nitrogenase 
activiteit beperkt bij verzadigende licht condities en dat het enzym zijn maximale 
(potentiële) activiteit bereikt. Lichtresponse curven voor N2 fixatie kunnen dus zowel 
gebruikt worden voor enzym kinetiek studies als voor het verschaffen van informatie 
over de fysiologische status van N2 fixerende cellen.
Een van de verrassende resultaten van het grote aantal on-line gemeten licht response 
curven is dat, in tegenstelling tot wat tot dusver in de literatuur gepubliceerd is, er
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slechts in enkele gevallen foto-inhibitie optrad. Het verschil tussen gemeten waarden 
en literatuur kan verklaard worden door het gebruik van verschillende incubatie 
methoden. De lichtresponse curven, zoals gepubliceerd in de literatuur, werden 
gemeten met behulp van batch incubaties. Bij deze methode wordt foto-inhibitie 
waarschijnlijk veroorzaakt door een toename in zuurstof in plaats van een directe 
remming door licht. In de gevallen dat er sprake was van foto-inhibitie bij on-line 
gemeten lichtresponse curven, vond foto-inhibitie plaats bij tussenliggende licht 
intensiteiten, waarna de nitrogenase activiteit weer toenam bij hogere licht 
intensiteiten. Foto-inhibitie kon voorkomen worden door de toevoeging van DCMU. 
Hieruit werd geconcludeerd dat, in de paar gevallen van foto-inhibitie in een on-line 
systeem, er blijkbaar toch een ophoping van O2 kon plaatsvinden, ondanks dat de gas- 
uitwisseling nagenoeg optimaal was. Dus ook bij het on-line systeem ligt een 
verhoogde O2 concentratie, en een aanpassing daaraan, ten grondslag aan foto- 
inhibitie, en niet een directe inhibitie door licht.
Naast licht response curven zijn ook licht actiespectra van N2 fixatie gemaakt van drie 
heterocyst vormende cyanobacteriën en van monsters genomen uit de Oostzee. Deze 
actiespectra zijn gemaakt om te bepalen welke foto-pigmenten een rol spelen in de 
lichtstimulatie van nitrogenase, alsmede om te bepalen wat het relatieve belang is van 
deze foto-pigmenten. Verder is gekeken naar de variatie in de samenstelling van de foto­
pigmenten gedurende een dag. N2 fixatie werd gestimuleerd door monochromatisch licht 
dat overeen kwam met de absorptiepieken van chlorofyl a en de phycobilinpigmenten 
phycocyanine en phycoerythrine. Tevens leek er een stimulatie te zijn door 
monochromatisch licht dat overeenkomt met de golflengtes van de absorptiepieken van 
de verschillende carotenoïden. Omdat N2 fixatie beperkt is tot heterocysten, kan worden 
aangenomen dat deze pigmenten aanwezig waren in de heterocyst. Deze pigmenten zijn 
klaarblijkelijk in staat om licht in te vangen en om te zetten in energie (ATP) dat door 
nitrogenase gebruikt kan worden. Naast een verschil in actiespectra per soort, varieerden 
de actiespectra ook gedurende een dag. Variatie in actiespectra kan worden verklaard 
door een variatie in de concentratie van de phycobilinpigmenten ten opzichte van 
chlorofyl a. Omdat de spectrale samenstelling van het licht niet veranderde, kan 
aangenomen worden dat de gevonden variatie niet veroorzaakt werd door chromatische 
adaptatie.
Het effect van O2 op nitrogenase activiteit in monsters van de Oostzee is bestudeerd 
onder continue veranderende O2 concentraties in O2 gradiënten en onder steady state 
condities. Het zuurstof optimum van nitrogenase was afhankelijk van de gebruikte 
meetmethode. Niet alleen de methode, maar ook de richting waarin de O2 gradiënten 
veranderden (toename of afname van O2) bleek bepalend voor de O2 concentratie 
waarbij de nitrogenase activiteit maximaal was. Bij een afnemende O2 concentratie was
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het zuurstof optimum hoger dan bij een toenemende O2 concentratie. Blijkbaar zijn 
heterocysten-vormende cyanobacteriën in staat zich snel aan te passen aan veranderende
O2 concentraties. In alle gevallen werd een afname in het O2 optimum gevonden bij een 
hogere licht intensiteit. Voor de monsters van de Oostzee gold dat het O2 optimum altijd 
hoger was dan 0 % O2 en dat altijd een kleine hoeveelheid O2 nodig was om de maximale 
nitrogenase activiteit te behalen. Blijkbaar was lichtstimulatie alleen niet voldoende om 
nitrogenase met ATP te verzadigen. Ook kon, aan de hand van de O2 gradiënt metingen, 
geconcludeerd worden dat er een tweede elektrondonor voor O2 aanwezig moet zijn in 
heterocysten.
Algemeen wordt aangenomen dat heterocysten-vormende cyanobacteriën een schijnbaar 
optimale strategie ontwikkeld hebben om nitrogenase te beschermen tegen inactivatie 
door O2. Dit wordt bereikt door een ruimtelijke scheiding van de twee incompatibele 
processen fotosynthese en N2 fixatie door de laatste in speciale cellen -  de heterocysten - 
onder te brengen. Hierdoor kan N2 fixatie gelijktijdig met de fotosynthese plaatsvinden. 
Echter, Trichodesmium spp., een N2 fixerende cyanobacterie, is ook in staat om 
tegelijkertijd CO2 en N2 te fixeren, ondanks het feit dat deze soort geen heterocysten 
vormt. Omdat de cellen waar N2 fixatie plaatsvindt anaëroob moeten zijn, heeft 
Trichodesmium spp. een andere strategie ontwikkeld om anaërobe condities te creëren. 
De heterocysten-vormende cyanobacteriën reduceren de O2 flux naar de N2 fixerende 
cellen, terwijl cyanobacteriën die geen heterocysten vormen een verhoogde respiratie 
hebben om anaërobe condities te genereren. Dat in beide soorten respiratie gelimiteerd 
werd door de O2 flux werd aangetoond door de Qi0* voor N2 fixatie in het donker van N. 
spumigena en Trichodesmium spp. te meten. Deze kwamen overeen met de theoretische 
Q10* voor de O2 flux naar een cel. De Q10* voor N2 fixatie in het donker was veel lager 
dan de Q10* in het licht. Daaruit bleek dat de potentiële enzymactiviteit sneller toeneemt 
met de temperatuur dan de flux van zuurstof. De verschillen in Q10* voor O2 fluxen, 
respiratie en N2 fixatie verklaren waarom Trichodesmium spp. beter functioneert onder 
tropische mariene condities, terwijl ze ook verklaren waarom Trichodesmium spp. 
afwezig is in koude en gematigde mariene, brakke en zoetwater milieus.
Ondanks een belangrijke bijdrage van N2 fixerende cyanobacteriën aan de totale 
biomassa van de CO2 fixerende organismen in de Oostzee, is weinig bekend over de 
interactie tussen N2 fixatie en CO2 fixatie in dit systeem. N2 fixatie snelheden vertonen 
trends op verschillende tijdschalen van een bloei van cyanobacteriën. Een van de trends 
varieerde binnen een periode van 24 uur, terwijl er ook een trend aanwezig was die zich 
uitstrekte over een langere, meerdaagse tijdschaal. De 24 uur trend werden voornamelijk 
veroorzaakt door de licht gevoeligheid van zowel N2 als CO2 fixatie en vertoonden 
ongeveer gelijke karakteristieken. Voor de meerdaagse fluctuatie gold dat de processen 
van N2 en CO2 fixatie niet dezelfde trend vertoonden, wat erop wijst dat de processen
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van N2 en CO2 fixatie niet sterk met elkaar verbonden zijn. Ook werd gevonden dat de 
N2 fixerende cyanobacteriën in staat waren om door middel van een verandering in de 
licht verzadigingscoëfficiënt van N2 fixatie, Ik, zich aan te passen aan de heersende licht 
condities in de onderzochte diepte intervallen.
De resultaten die in dit proefschrift gepresenteerd zijn dragen bij aan de kennis van de 
eco-fysiologie van N2 fixatie in heterocysten-vormende cyanobacteriën. Deze kennis is 
noodzakelijk om te kunnen bepalen wat de bijdrage is van deze organismen in het totale 
stikstofbudget en zou verwerkt moeten worden in wiskundige modellen die de N2 fixatie 
schatten in aquatische ecosystemen
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Ntot Total or maximum attainable nitrogenase activity at saturating irradiances
Nm Light stimulated nitrogenase activity
Nd Nitrogenase activity in the dark
N Light stimulated nitrogenase activity at a specific wavelength
Ik Light saturation coefficient
a Light affinity coefficient
Pm Maximum photosynthetic activity
Rd Rrespiratory activity in the dark
AR Acetylene reduction
ARA Acetylene reduction activity
LPA Laser Photo Acoustics
GC Gas Chromatograph
J Flux
C„ External gas concentration
D2 Gas diffusion coefficient
R0 Heterocyst radius
R 1 Heterocyst radius without the glycolipid layer
Rb Thickness of the diffusive boundary layer
L Thickness of the glycolipid layer
8 Efficiency of the glycolipid layer as a diffusion boundary layer
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